A Study of Several Macrocyclic Beta-Ketoamines and Their Metal Chelates. by Modenbach, Charles Louis, III
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1983
A Study of Several Macrocyclic Beta-Ketoamines
and Their Metal Chelates.
Charles Louis Modenbach III
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation
Modenbach, Charles Louis III, "A Study of Several Macrocyclic Beta-Ketoamines and Their Metal Chelates." (1983). LSU Historical
Dissertations and Theses. 3933.
https://digitalcommons.lsu.edu/gradschool_disstheses/3933
INFORMATION TO USERS
This reproduction was made from a copy of a document sent to us for microfilming. 
While the most advanced technology has been used to photograph and reproduce 
this document, the quality of the reproduction is heavily dependent upon the 
quality of the material submitted.
The following explanation of techniques is provided to help clarify markings or 
notations which may appear on this reproduction.
1. The sign or “ target” for pages apparently lacking from the document 
photographed is “Missing Page(s)”. I f  it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. This 
may have necessitated cutting through an image and duplicating adjacent pages 
to assure complete continuity.
2. When an image on the film is obliterated with a round black mark, it is an 
indication of either blurred copy because of movement during exposure, 
duplicate copy, or copyrighted materials that should not have been filmed. For 
blurred pages, a good image o f the page can be found in the adjacent frame. I f  
copyrighted materials were deleted, a target note will appear listing the pages in 
the adjacent frame.
3. When a map, drawing or chart, etc., is part of the material being photographed, 
a definite method of “sectioning” the material has been followed. It  is 
customary to begin filming at the upper left hand comer of a large sheet and to 
continue from left to right in equal sections with small overlaps. I f  necessary, 
sectioning is continued again—beginning below the first row and continuing on 
until complete.
4. For illustrations that cannot be satisfactorily reproduced by xerographic 
means, photographic prints can be purchased at additional cost and inserted 
into your xerographic copy. These prints are available upon request from the 
Dissertations Customer Services Department.
5. Some pages in any document may have indistinct print. In all cases the best 




300 N. Zeeb Road 
Ann Arbor, Ml 48106

8409589
Modenbach, Charles Louis, III
A STUDY OF SEVERAL MACROCYCLIC BETA-KETOAMINES AND THEIR 
METAL CHELATES
The Louisiana State University and Agricultural and Mechanical Col. Ph.D. 1983
University 
Microfilms
International 300 N. Zeeb Road, Ann Arbor, Ml 48106

PLEASE NOTE:
In all cases this material has been filmed in the best possible way from the available copy. 
Problems encountered with this document have been identified here with a check mark V .
1. Glossy photographs or pages______
2. Colored illustrations, paper or print______
3. Photographs with dark background______
4. Illustrations are poor copy_______
5. Pages with black marks, not original copy______
6. Print shows through as there is text on both sides of page______
7. Indistinct, broken or small print on several pages
8. Print exceeds margin requirements_____
9. Tightly bound copy with print lost in spine______
10. Computer printout pages with indistinct print______
11. Page(s)____________ lacking when material received, and not available from school or
author.
12. Page(s)____________ seem to be missing in numbering only as text follows.
13. Two pages numbered_____________ . Text follows.






A STUDY OF SEVERAL 
MACROCYCLIC 3-KETOAMINES 
AND THEIR METAL CHELATES
A Dissertation
Submitted to the Graduate Faculty of the 
Louisiana State University and 
Agricultural and Mechanical College 
in p artia l fu l f i l lm e n t  of the 
requirements for the degree of 
Doctor of Philosophy
in
The Department of Chemistry
by
Charles Louis Modenbach I I I
B .S ., Southeastern Louisiana University, 1978 
December 1983
DEDICATION
This work is dedicated to my w ife , Lee, whose patience and 
understanding I deeply appreciate, and to my parents, Charles and 
Emelda, whose guidance allowed me to reach this point.
ACKNOWLEDGEMENTS
The author is grateful for the advice and support of Dr. Eugene W. 
Berg who directed th is  work. Appreciation is extended to Dr. Thomas C. 
Taylor who provided the macrocyclic 3-diketones used in th is  study and 
to  Dr. Frank R. Fronczek for his contribution and assistance in the 
crystallographic portion of th is  work.
Financial assistance from the Dr. Charles E. Coates Memorial Fund 




DEDICATION ...................  i i
ACKNOWLEDGEMENTS . . ............................................................................................  i i i
TABLE OF CONTENTS ..............................................................................................  iv
LIST OF ABBREVIATIONS ...................................................................................... vi
LIST OF TABLES ..................................................................................................... v i i
LIST OF FIGURES .........................   ix
ABSTRACT .................................................................................................................. x
I .  INTRODUCTION .............................................................................................. 1
A. Review of 3-Diketone Chemistry ..............................................  1
B. Amino Derivatives of 3-Diketones ..........................................  4
C. Macrocyclic 3-Ketoamines ...........................................................  9
I I .  EXPERIMENTAL .............................................................................................  12
A. Reagents and Solvents .................................................................. 12
B. Single Crystal X-Ray D iffraction  Analysis .......................  13
C. Instruments and Measurements.....................................................  18
D. Preparation of 3-Ketoamines .....................................................  20
E. Preparation of Metal 3-Ketoamine Chelates .......................  25
I I I .  RESULTS AND DISCUSSION ........................................................................  35
A. The Crystal and Molecular Structures of
B is(cyclodecane-l,3 -d ionato)copper(II) and 
B is (cyc lo tridecane-l,3 -d ionato )copper(II)  ......................  35
B. Preparation of Macrocyclic 3-Ketoamines ...........................  41
C. Chelation Behavior of Several 3-Ketoamines Derived
From Macrocyclic 3-Diketones and Acetyl acetone ...........  42
D. Spectral Characterization of Macrocyclic 3-Ketoamines
iv
And Their Metal Chelates ..........................................................  49
E. Fractional Sublimation Studies .............................................  69
IV. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK ............................  73
BIBLIOGRAPHY ............................................    75
APPENDIX I Supplementary Material From Crystal 1ographic
Study ........................................................................................  82
APPENDIX I I  Infrared Spectra ............................................................ 87
APPENDIX I I I  Nuclear Magnetic Resonance Spectra ..............................  103
APPENDIX IV Mass Spectra ..........................................................................  114







bi sacetylacetone-ethylenediimine H2 en(AA)2
[4 ,4 ' - ( l ,2 -e th a n e d iy ld in it r i lo )b is -2 -p e n ta n o n e ]
bi sacetylacetone-propylenedi imine H2pn(AA)2








3-amino-2 -cyc lo tr idecen-l-one H(ACTD)
biscyclohexane-l,3-dione-ethylendi imine H2en(CHD)2
bi scyclononane-l,3-dione-ethylendiimine H2en(CND)2
bi scyclodecane-l,3-dione-ethylendiimine H2en(COD) 2















Crystal Data and Data Collection Summary ........................
Coordinates and Equivalent Isotropic Thermal
Parameters for Non-Hydrogen Atoms - Cu(CDD) 2  ...............
Coordinates and Equivalent Isotropic Thermal
Parameters for Non-Hydrogen Atoms -  Cu(CTDD) 2  .............
Chelation Survey of Ammonia and Ethylenediamine
Derivatives of Acetyl acetone .................................................
Chelation Survey of Ammonia Derivatives of
Macrocyclic 3-Diketones ........................ . .................................
Chelation Survey of Ethylenediamine Derivatives of
Macrocyclic 3-Diketones ............................................................
Infrared Absorption Bands Near 3300-3100 cm"* for
Several 3-Ketoamines ..................................................................
Infrared Absorption Bands Near 1700-1500 cm"* for
Several 3-Ketoamines ..................................................................
Infrared Absorption Bands Near 1600-1400 cm"* for  
Several Copper 3-Diketone and 3-Ketoamine C helates...  
NMR Data for the Parent 3-Diketones Used in This
Study ...................................................................................................
NMR Data for the Ammonia Derivatives of Acetyl acetone
and Several Cyclic 3-Diketones .............................................
NMR Data for the Ethylenediamine Derivatives of
Acetyl acetone and Several Cyclic 3-Diketones .............
Major Features of the Mass Spectra of the Ammonia
v i i
Derivatives of Acetyl acetone and Several
Cyclic 3-Diketones ..................................................................... 65
XIV Major Features of the Mass Spectra of the
Ethylenediamine Derivatives of Acetyl acetone and
Several Cyclic 3-Diketones ...................................................  66
XV Major Features of the Mass Spectra of Several Copper
3-Ketoamine Chelates ................................................................  68
v i i i
LIST OF FIGURES
Fi gure Page
1 Bond Distances and Some Important Angles for
Cu (CDD)2 ..........................................................................................  36
2 Bond Distances and Some Important Angles for
Cu (CTDD)2 ........................................................................................  37
3 Packing of Molecules in Crystals of Cu(CDD)2 ............... 38
4 Packing of Molecules in Crystals of Cu(CTDD)2 ............  39
5 Fractional Sublimation Recrystal 1ization Zones for
Several Copper Chelates ..........................................................  70
6 Fractional Sublimation R ecrysta lliza tion  Zones for
Several 3-Ketoamine Chelates ...............................................  72
ix
ABSTRACT
Two new series of macrocyclic B-ketoamines and several of th e ir  
metal chelates have been prepared and characterized by infrared spec­
troscopy, nuclear magnetic resonance spectroscopy, mass spectrometry, 
and elemental analysis. The two series of B-ketoamines are of type:
where n = 3 ,6 ,7 ,  and 10. They were prepared by reaction of macrocyclic 
B-diketones with ammonia or ethylenediamine. These compounds were found 
to exist predominantly in the ketoamine form.
A survey was conducted to determine the metal chelation behavior of 
the macrocyclic B-ketoamines and a few B-ketoamines derived from acety l-  
acetone. The metals and oxocations used in this study were B e ( I I ) ,
Mg( 11) ,  A1 ( I I I ) ,  VO(IV), Cr( I I I ) ,  M n ( I I ) ,  F e ( I I ) ,  F e ( I I I ) ,  C o ( I I ) ,  
N i ( I I ) ,  C u ( I I ) ,  Z n ( I I ) ,  R h ( I I I ) ,  P d ( I I ) ,  C d ( I I ) ,  P t ( I I ) ,  and U02(V I ) .
For the cyclic  B-ketoamines where n = 3 and 6 no chelates were obtained, 
while for the macrocyclic B-ketoamines where n = 7 and 10 and for the 
acetylacetone derivatives only C u ( I I ) ,  N i ( I I ) ,  and P d ( I I )  chelates could 
be obtained in high y ie ld .  All of the chelates obtained were ex trac t-
able with chloroform. Also, the fractional sublimation behavior of 
these chelates was studied. Although most of these chelates were 
v o la t i le  enough to be sublimed in an entrainer fractional sublimation 
device at reduced pressure, no practical separations could be achieved.
In a separate but somewhat related study, the crystal and molecular 
structures of b is(cyclodecane-l,3-d ionato)copper(II)  [Cu(CDD)2] and 
b is (cyc lo tr id ecan e-l,3 -d io n ato )co p p er( I I)  [Cu(CTDD)2 ]  were determined by 
single crystal x-ray d if fra c t io n  analysis. In both compounds the copper 
atom has square planar coordination with the four oxygen atoms. How­
ever, there is a greater degree of distortion in the chelate ring of 
Cu(CDD)2 than in that of Cu(CTDD)2 .
I .  INTRODUCTION
A. Review of 3-Diketone Chemistry
3-Diketones and th e ir  metal complexes have been extensively  
studied. Since the la te  1950's numerous reviews and books concerning 
the chemical and physical properties and applications of these compounds 
have appeared.1-7 3-Diketone complexes of v ir tu a l ly  a ll  of the metals 
in the periodic table have been prepared, and in many cases neutral 
metal chelates have been obtained. These chelates usually have the 
special characteristies of high s o lu b il i ty  in organic solvents and 
r e la t iv e ly  high v o la t i l i t y .  These characteristies have led to the 
application of these compounds in the separation of metals by solvent 
e x tra c t io n ,1 ’ ®’ 9 fractiona l sublim ation,1®-15 and gas chromatogra­
phy.5 ’ 7 ’ 15’ 17 Other applications include the use of 3-diketone chelates
1 1 ftas s h if t  reagents in NMR spectroscopy, ’ in vapor phase metal deposi-
7 19 7t io n , * and as antiknock additives and combustion cata lysts .
3-Diketones exhibit keto-enol tautomerism and by release of the
enolic proton chelation with a metal ion can occur:
0 0 0 OH







C -  OH
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Acetylacetone (R = R1 = CH3 ) was the f i r s t  and simplest 3 -diketone to be
investigated. Many acetylacetone chelates are extractable with non- 
8 9polar solvents ’ and some are readily  sublimed under reduced pres­
sure. In fa c t,  several of these chelates can be separated by
frac tiona l sublimation1 0 , 1 1  and gas chromatography. 6 ’ 1 6  However, much 
subsequent work has been devoted to the modification of the structure of 
acetylacetone in order to provide s e le c t iv ity  in the chelation reaction 
and increase the v o la t i l i t y  of the resulting metal chelates.
In general, the reaction of 3 -diketones with metal ions is non- 
selective and control of pH gives l i t t l e  increase in s e le c t iv i ty .  This 
lack of s e le c t iv ity  is a serious disadvantage in the analytical use of 
these compounds. Another disadvantage of some 3 -diketones is the 
occasional formation of charged chelates or solvated neutral chelates 
that are less v o la t i le  and less soluble in organic solvents than 
anhydrous metal chelates.
Structural modifications of acetylacetone have included replacement 
of the methyl groups with perfluoro and highly branched alkyl groups.
In many cases f luorine  substitution increases the v o la t i l i t y  of the 
resulting metal chelates6 ’ 1 2 ’ 1 6 ’ 2 0  presumably by reducing the van der
21Waals forces and intermolecular hydrogen bonding between the chelates.
Various metal chelates of tr ifluoroacety lacetone (R^F-j, R'=CHg) have
fi 1 fi 10 12been separated by gas chromatography ’ fractional sublimation ’ and
1 O Q
solvent extraction ’ ’ . The incorporation of highly branched alkyl
groups tends to reduce chelate hydration and thus allows the preparation
of more v o la t i le  anhydrous chelates. Thus, anhydrous lanthanide
dipivoylmethane (R=R'=C(CH3 ) 3 ) chelates have been successfully separated
1 0  22
by fractional sublimation and gas chromatography. Both structural
3
modifications have also been used to improve solvent extraction e f f i -
s e le c t iv ity  of chelation.
In order to provide some s e le c t iv ity  in the chelation reaction, 
various macrocyclic 3-diketones and tetraketones have been pre-
where n = 4 ,6 ,7 ,8 ,  and 10. His goal was to obtain a series of ligands 
that would y ie ld  v o la t i le  metal chelates and exhib it s e le c t iv ity  in the 
chelation reaction because of differences in the ring s ize. The te t r a ­
ketones were expected to give v o la t i le  monomeric chelates provided the 
chelated metal was positioned within the ring , as opposed to chelation 
outside the ring to form polymers. Unfortunately, only the n = 7 and 
n = 8 tetraketones were obtained in low yields and thus no substantial
pzr
chelation study could be made. Eventually, Ito  and co-workers 
reported the synthesis of macrocyclic tetraketones of th is  series for n 
= 7 ,8 ,10 , and 12, and the formation of th e ir  C u ( I I ) ,  N i ( I I ) ,  and Co( 11) 
chelates. There was no study of the v o la t i l i t y  of these chelates nor 
was any more extensive chelation study reported. The authors did not 
determine i f  the chelates they prepared were monomeric or polymeric, 
although they stated that x-ray analysis of the chelates would be 
performed in the future.
1 fi 9ciency, * * but neither modification has led to much improvement in
ryr nr
pared. Taylor attempted the preparation of a series of macro-
cyclic tetraketone ligands of the type
C = 00 = C
4




where n = 4 ,6 ,7 ,8 ,  and 10. He observed that the thirteen carbon g-dike- 
tone formed chelates readily with many metal ions as expected, whereas 
the eleven carbon diketone formed chelates only with F e ( I I I ) ,  C o ( I I ) ,
N i ( I I )  and Cu( 11) and the ten carbon diketone formed chelates only with 
F e ( I I I )  and C u ( I I ) .  The nine and seven carbon diketones did not chelate 
with B e ( I I ) ,  M g ( I I ) ,  A 1 ( I I I ) ,  C r ( I I I ) ,  M n ( I I ) ,  F e ( I I I ) ,  C o ( I I ) ,  N i ( I I ) ,  
C u ( I I ) ,  Z n ( I I ) ,  P d ( I I ) ,  and C d ( I I ) .  This s e le c t iv ity  as a function of 
ring size is in contrast to the non-selective chelation of 0-diketones 
in general. I t  was also observed that the degree of enolization in th is  
series decreased with decreasing ring size down to n = 4-6 where there
pc p7 pa
was a very lim ited tendency to enolize . *
As a portion of the present study, the crystal and molecular struc­
tures of two copper chelates of this series, bis(cyclodecane-l,3-  
dionato)copper(II)  [Cu(CDD2 ] (n = 7) and b is (cyc lo tr idecane-l,3 -d ionato )  
copper(II)  [Cu( CTDD) 2 H (n = 10) were determined by single crystal x-ray  
d if fra c t io n  analysis.
B. Amino Derivatives of 0-Diketones
Other modifications to the 3-diketone structure include replacement 
of an oxygen atom with a sulfur or nitrogen atom to produce a 3-thioke- 
tone or a 3-ketoamine. The preparation and characterization of several 
3-thioketones and th e ir  metal chelates have been reported by Berg and
5
30 31Reed. * Also, the gas chromatography of various 3-thioketone metal
1 c  op oo
chelates has been reported. * * In general the th io  substituted
ligands are re la t iv e ly  hard to prepare and the metal chelates are less 
stable , although in some cases more v o la t i le ,  than the corresponding 
3-diketone chelates.
Bidentate and tetradentate  3-ketoamines are prepared by reaction of 
an amine or a diamine with a 3-diketone:
R R
\  \
C = 0 C = 0
H9C + R"NH„ X \\zy  + Ho0
\  2 w  2






WX + NH9- R" -  NH9 > HC CH + H90
 ̂ y ,\ i . £
R'
Fisher and Bulow3  ̂ prepared the f i r s t  amine derivative  of a 3-diketone 
by reaction of benzoyl acetone and concentrated ammonium hydroxide.
OC 0 7
Combes reported the f i r s t  preparation of amine derivatives of
acetylacetone. A review of the preparation of 3-ketoamines has been
O Q
presented by Cromwell. Metal chelates of 3-ketoamines were f i r s t
prepared by Combes3^’ ^  and la te r  investigated by Morgan and Smith.
The preparation and characterization of metal 3-ketoamine complexes have
AO
been reviewed by Holm et a l .
The product formed by the condensation of an amine with a 3-dike­
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term 3-ketoamine which w i l l  be used in th is  work is meant to imply an 
a,3-unsaturated 3-aminoketone. Actually there are three d is t in c t  
tautomeric forms that are possible for condensation products of such 
reactions:
R
= 0 C -  0
oIIo/
^  \ /
HC H HC 'I
= N C = N C -  N
\ /  \ /  \
R" R' R" R’ 1
I I I I I I
The tautomeric e q u il ib r ia  of these compounds in solution have been 
studied by various methods including in frared spectroscopy,44-49 ui ^ ra_ 
v io le t spectroscopy}4 4 ,4 6 ,50 anc| proton 51-53 and carbon-13^ nuclear 
magnetic resonance spectroscopy. These studies provide l i t t l e  evidence 
to support the existence of the ketoimine, I ,  nor do the infrared and 
u lt ra v io le t  studies readily  distinguish between I I  and I I I .  However,
C l  CO
the proton NMR studies c learly  indicate that these compounds exist  
predominantly as the ketoamine, I I I ,  in a variety of solvents, the 
assignment being made on the basis of the observed spin-spin coupling of 
the amine proton with the a-protons of r " .51,52
The nomenclature used in the l i te r a tu r e  concerning 3-ketoamines is 
inconsistent and should be discussed b r ie f ly .  The bidentate ligands are 
usually named as amino derivatives of a,3-unsaturated ketones but are 
sometimes named as imino-ketones. In fa c t ,  Chemical Abstracts has used 
both systems for the same compound. Thus, the condensation product of 
acetylacetone with ammonia is l is te d  as 4-amino-3-penten-2-one and 4- 
imino-2-pentanone. The f i r s t  system w il l  be used in th is  work. The 
tetradentate ligands are usually named as diimine derivatives in the
7
l i te r a tu r e  and as d in i t r i lo  derivatives in Chemical Abstrasts. Thus, 
the condensation product of acetylacetone with ethylenediamine is  
usually named bisacetylacetone-ethylenediimine in the l i te r a tu r e  and 
4 ,4 '- ( l ,2 -e th a n e d iy ld in it r i lo )b is -2 -p e n ta n o n e  in Chemical Abstracts.
The f i r s t  system w il l  be used for s im p lic ity .
The chelation behavior of the 3-ketoamines has not been studied as 
extensively as that of the 3-diketones. For the tetradentate 3-keto­
amines, only the C u ( I I ) ,  N i ( I I ) ,  P d ( I I ) ,  C o ( I I ) ,  and P t( 11) chelates
dn d? rr Rfihave been prepared from an aqueous solution. » ’ The C o (I I )  
chelates are unstable and are readily  a ir  oxidized to C o ( I I I )  spe­
cies. 41.55,56 attempts to prepare Z n ( I I ) ,  C d ( I I ) ,  H g ( I I ) 3® and I K ^ V I ) 37 
tetradentate 3-ketoamines were unsuccessful. Chelates of VO(IV) have
co eg
been prepared only by ligand exchange reactions. ’ Chelates of 
MoOgCVI)^, T i ( I V ) ^ ,  Zr(IV)®^, and Th(IV)®3 have been prepared only 
from non-aqueous solvents. Complexes of C r ( I I I ) ^ 3 and F e ( I I I ) ^ 4 
tetradentate 3-ketoamines that have other anions bound to the metal 
have also been prepared.
The chelation behavior of the bidentate 3-ketoamines is less selec­
t ive  than that of the tetradentate  3-ketoamines, although some of the 
chelates are d i f f i c u l t  to prepare due to the hydrolytic in s ta b i l i ty  of 
many of these ligands.43 The C u ( I I ) , 39’ 47 N i ( I I ) , 65 Pd( 11) , 66 V O (IV ),67
C O
and various t r iv a le n t  lanthanide chelates of bidentate 3-ketoamines 
have been prepared from an aqueous solution. Chelates of C o ( I I I ) ,
F e ( I I I ) ,  C r ( I I I ) ,  T i ( I I I ) ^ 9 ,7  ̂ and C o ( I I ) 7* have been prepared only from 
non-aqueous solvents.
Metal 3-ketoamine chelates have been characterized by infrared  
spectroscopy^ 5 -4 7 ,6 6 ,6 8 ,7 0  u l t ra v io le t  and v is ib le  spectrosco-
8
p y ,50,59, 65,70 nuc] ear magnetic resonance spectroscopy,53,54 electron 
spin resonance spectroscopy,59 magnetic s u s c e p t ib i l i ty ,68,70 dipole
■70 *i q  t /| T r  o r
moment, x-ray crystallography, ’ mass spectrometry, * thermo- 
gravimetry, 75,77-80 gas chromatography,16,75,77,78,80-82 and solvent 
extraction s tud ies .77,78,81,83,84 The properties of many of the metal 
3-ketoamine chelates, p a rt ic u la r ly  th e ir  v o la t i l i t y  and extraction  
behavior, are s im ilar to those of 3-diketone chelates.
Many of the bidentate 3-ketoamine metal chelates are more v o la t i le  
than the corresponding 3-diketone or tetradentate 3-ketoamine chelates. 
However, divalent metal chelates of tetradentate 3-ketoamines with two 
carbon bridging groups are generally quite stable thermally, and the gas 
chromatographic behavior of these chelates has been more favorable than 
that of the bidentate 3-diketones or 3-ketoamines.16,75,77-83 Also, the 
tetradentate ligands are more selective and form v o la t i le  chelates only 
with divalent metals that favor a square planar or square pyramidal 
coordination geometry. Thus these ligands have been proposed as 
deriva tiz in g  agents for the gas chromatographic analysis of C u ( I I ) ,
Ni ( I I ) ,  P d ( I I )  and P t( I I ) . 7 5 ,7 7 ,78,81
There have been reported few other applications for 3-ketoamine 
chelates. Solvent extraction studies have involved only C u (I I )  and 
Ni ( I I )  chelates .77,78,81,83,84 The separation of several 3-ketoamine
or
chelates by high performance liq u id  chromatography has been reported. ’
pzr
The usefulness of some 3-ketoamine chelates as catalysts has been 
studied.87-89
The fractional sublimation of 3-ketoamine metal chelates has not
been studied with the exception of several 4-anilino-3-penten-2-one  
QOmetal chelates. Although many 3-ketoamine chelates exh ib it more
9
favorable gas chromatographic behavior than the corresponding 3-dike­
tones, some decomposition of 3-ketoamine chelates was observed in the 
gas chromatography^*^*®® and thermogravimetry^’ ^ ”®® studies. Di 11 i 
and co-workers®®’ ®* have presented evidence that dehydration at the 
ethane bridge in metal tetradentate 3-ketoamine chelates occurs at 
temperatures necessary for gas chromatographic elution (200° -  270°C). 
Berg and Hartledge*®- *^ demonstrated that fractional sublimation separa­
tions could be achieved for metal 3-diketone chelates not s u ff ic ie n t ly  
stable for gas chromatography. The separations were possible because of 
the milder temperatures required for fractional sublimation at reduced 
pressure and the lack of any undesirable column interaction in frac ­
tional sublimation that may occur in gas chromatography. Because of the 
successful results obtained in the fractonal sublimation studies of 
3-diketone chelates, a portion of th is  research involved fractional 
sublimation studies of metal chelates of several 3-ketoamines derived 
from acetyl acetone and several macrocyclic 3-diketones.
C. Macrocyclic 3-Ketoamines
A major portion of th is  study was devoted to the preparation and 




C -  NH2
10
where n=3,6 ,7 , and 10. These compounds were prepared by the condensa­
tion of ammonia or ethylenediamine with the appropriate cycl ic  3 -d ike­
tone. This study was conducted as a continuation of the search for new 
ligands that are capable of forming v o la t i le  metal chelates and which 
wil l  show more s e le c t iv i ty  in the chelation reaction.
Several f ive  and six membered cyclic 3 -ketoamines have been previ-
qp
ously reported in the l i t e r a tu r e .  Zymalkowski and Rimek prepared
3-amino-2-cyclohexen-l-one by the reaction of 1,3-cyclohexanedione with
anhydrous ammonia. The same compound was prepared by Goesdeler and 
Q3Kewer who used concentrated ammonium hydroxide. Kashima and co­
workers reported the u l t r a v io l e t 9 4  and nuclear magnetic resonance9  ̂
spectra of several 3 -ketoamines prepared from 5,5-dimethylcyclohexane-
1,3-dione and various amines. Ostercamp9 6  and Moss and Robinson9 7  
studied the condensation reaction of ammonia and various diamines 






Condensation occurred on the side-chain or ring carbonyl depending on 
the R group and the amine used. A few of the C u ( I I )  and N i ( I I )  chelates
07
of these ligands were prepared.
The parent macrocyclic 3 -diketones used in the present study were
11
nc
prepared and investigated by Taylor who observed in terest ing trends in 
the degree of enolization and chelation behavior of the compounds that  
were discussed e a r l ie r .  In the present work s imilar  trends in the tau t ­
omeric e qu i l ib r ia  of the two new series of 3 -ketoamines were determined 
and the chelation behavior of these compounds was investigated.
Several of the metal macrocyclic 3 -diketone chelates investigated
by Taylor could be sublimed in a fract ional sublimation device although
25in many cases sublimation was accompanied by decomposition. However, 
the metal macrocyclic 3-ketoamine chelates obtained in this  study were 
expected to have higher thermal s t a b i l i t i e s  because the results of 
previous v o l a t i l i t y  studies of other metal 3-ketoamine chelates are 
known.75>?7-82 Thus the fract ional sublimation behavior of these new 
chelates was studied to determine the v o l a t i l i t y  of these chelates and 
to determine i f  any ana ly t ic a l ly  useful separation could be achieved.
I I .  EXPERIMENTAL
A. Reagents and Solvents 
Macrocyclic g-Diketones
or
These compounds were furnished by Thomas Taylor who prepared them 
in this  laboratory by a modification of a synthetic method developed by
O f .  QQ QQ
I to  and co-workers. » »  This method involved the s i ly l -acy lo in  
condensation of a l iphat ic  dicarboesters to form b is ( t r im e th y ls i ly lo x y )- 
cycloalkenes followed by cyclopropanation with diethyl zinc and 
methylene diodide and hydrolysis with fe r r ic  chloride to form the 
0 -diketones.
1 ,3-Cyclohexanedi one
This compound was obtained from Aldrich and used without further  
puri f ica t ion .
Ethylenediamine
This compound was obtained from J. T. Baker Company and used 
without further p u r i f ica t ion .
Propylenediamine
This compound was obtained from Aldrich and used without further  
pur i f ica t ion .
Acetyl acetone
This compound was obtained from Matheson, Coleman and Bell and was 
d i s t i l l e d  (B.P. 136-140°C) prior to use.
Metal Salts
Metal salts used in the chelation studies were reagent grade and 
were obtained from various vendors.
Deuterated MR Solvents
Deuterated NMR solvents chloroform-d, 99.8 atom %D, and dimethyl
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sulfoxide-dg, 99.9 atom %D, were obtained from Aldrich.
Other Reagents and Solvents
Other reagents and solvents were usually reagent grade and were
obtained from various vendors.
B. Single Crystal X-Ray Dif f ract ion Analysis
Preparation of Copper Chelates
Bis(cyclodecane-l ,3 -dionato)copper( I I )  [Cu(CDD)2] and b is (c y c lo t r i -  
decane-l,3-d ionato)copper( I I)  [Cu(CTDD)2 ]  were prepared according to
oc
Taylor by addition of 1 ml of a 10% solution of the appropriate dike­
tone in ethanol to 5 ml of a 5% solution of Cu(N03 ) 2 *3H20 in water also
containing 5% sodium acetate. The chelates were f i l t e r e d ,  recrysta l ­
l ized from chloroform and sat is factory elemental analyses were obtained. 
Satisfactory crystals for x-ray analyses were obtained by slow evapora­
tion of a benzene-chloroform solution of the chelate.
Collection of X-Ray Data
X-ray data were obtained by Dr. Frank Fronczek, Louisiana State 
Universi ty. The data were obtained for both compounds from small blue 
needles on an Enraf-Nonius CAD4 diffractometer equipped with a graphite 
monochromator. Scans were performed at variable rates by the w- 2 g 
method. Details of the individual experiments are given in Table I .
One quadrant of data was collected in both cases. Data reduction in ­
cluded corrections for background, Lorentz, polarizat ion,  and absorption 
ef fec ts ,  which were based upon  ̂ scans of reflections near x= 90°. In 
addit ion, each reflect ion for  Cu(CDD) 2  was collected at the <J> angle for  
which absorption effects  were minimized. Correction was also made for  
Cu(CDD) 2  for crystal decay, which amounted to 6 % of the original inten­
s i ty .
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a nonstandard setting of P2^/c.
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Structure Solution and Refinement, Cu(CDD) 2
The structure was solved by calculation of a difference map phased 
on a Cu atom at the or ig in .  Refinement was carried out using the 
SHELX76 system of programs1 0 0  by weighted, fu l l  matrix least squares 
based upon F. Nonhydrogen atoms were treated anisotropically  and 
hydrogen atoms were allowed to "ride" on carbon atoms to which they are 
bonded, with indiv idual ly  refined isotropic thermal parameters. Scat­
tering factors used were those in the International Tables1 0 1  corrected 
1 0?for dispersion. Only data for which F>3o(F) were used in the 
refinement. A difference map computed in the early stages of refinement 
indicated that one of the methylene carbon atoms (C9) is disordered into 
two positions separated by 1.07 A. Populations were estimated from 
electron densities to be 0.76 for C9 and 0.24 for C9‘ ; these m u l t ip l ic ­
i t i e s  were assigned, and both part ia l atoms were successfully aniso- 
t ro p ic a l ly  refined. The maximum feature in a f inal difference map was 
0.47 eA"3.
Solution and Refinement, Cu(CTDD) 2
The structure was solved by Dr. Frank Fronczek in a fashion similar  
to that for Cu(CDD)2 , using the Enraf-Nonius SDP programs. 1 0 3  Hydrogen 
atoms were located in difference maps and were included in structure 
factor calculations with B=7A3, but were not refined. All other atoms 
were refined anisotropically , by weighted, fu l l  matrix least squares,
o o
using data for which F >3o(F ) .  The largest feature in a f inal d i f f e r -
o
ence map was 0.55eA , near the Cu position. Agreement factors are
l is te d  in Table I for both compounds. Also, atomic coordinates and 
equivalent isotropic thermal parameters for non-hydrogen atoms are 
l i s te d  in Tables I I  and I I I .  Bond distances and some important bond
16
Table I I
Coordinates and Equivalent Isotropic Thermal Parameters for Non-Hydrogen 
Atoms -  Cu(CDD) 2
Atom _x L z_ U eq*
Cu 0 0 0 0.0386
0 1 0.2039(4) -0.0309(1) 0.1329(2) 0.048
0 2 0.1722(4) 0.1153(1) - 0 . 0 0 1 0 ( 1 ) 0.042
Cl 0.4331(6) 0.0033(2) 0.1637(2) 0.043
C2 0.5592(5) 0.0700(2) 0.1116(2) 0.038
C3 0.4083(5) 0.1305(2) 0.0457(2) 0.037
C4 0.5088(6) 0.2244(2) 0.0403(2) 0.049
C5 0.4109(7) 0.2815(2) 0.1306(3) 0.060
C6 0.4994(7) 0.2507(2) 0.2428(2) 0.059
C7 0.3114(7) 0.1819(2) 0.2867(2) 0.061
C8 0.438(1) 0.1215(3) 0.3728(3) 0.084
C9* 0.6384(9) 0.0587(4) 0.3515(3) 0.062
C9'* 0.469(4) 0.015(1) 0.354(1) 0.059
CIO 0.5610(8) -0.0265(3) 0.2718(3) 0.050
:9 has a m u l t ip l ic i ty  of 0.76; C9 1 has a m u l t ip l ic i ty  of 0.24.
*Ueq -  + ^22 ^3 3 ) /^
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Table I I I :  Coordinates and Equivalent Isotropic Thermal Parameters for
Non-Hydrogen Atoms -  Cu(CTDD) 2
Atom _x X z_ Ueq*
Cu 0 0 0 0.0282
0 1 -0 .1147(8) 0.0142(1) -0.1861(4) 0.033
0 2 -0.2300(8) 0.0491(1) -0.1090(4) 0.030
Cl -0 .322(1) 0.0380(2) 0.1947(6) 0.030
C2 -0 .497(1) 0.0623(2) 0.0762(6) 0.029
C3 -0 .431(1 ) 0.0684(2) -0.0635(6) 0.024
C4 -0.603(1) 0.1038(2) -0.1746(6) 0.035
C5 -0.436(1) 0.1469(2) -0.1981(7) 0.046
C6 -0 .293(1) 0.1730(2) -0.0534(7) 0.047
C7 -0 .489(2) 0.1945(2) 0.0359(7) 0.060
C8 -0 .343(2) 0.2216(2) 0.1768(2) 0.085
C9 -0 .157(2) 0.1944(2) 0.2930(9) 0.068
CIO -0.277(2) 0.1519(2) 0.3603(7) 0.055
C l l -0 .065(2) 0.1136(2) 0.4105(7) 0.054
C12 -0.163(2) 0.0672(2) 0.4626(6) 0.044
C13 -0.393(1) 0.0411(2) 0.3513(6) 0.036
*Ueq — U2 2  U3 3 ) /3
18
angles are given in Figures 1 and 2. Side views of Cu(CDD) 2  and 
Cu(CTDD)2 , i l lu s t r a t in g  molecular stacking, are included as Figures 3 
and 4.
Other tables are presented in Appendix I .  Hydrogen atom coordi­
nates are l is ted in Tables A1 and A2. Bond angles are l is ted  in Tables 
A3 and A4. Tables of anisotropic thermal parameters and structure  
factors can be obtained from the author, and have also been accepted for  
publication by Inorganic Chemistry [C.L. Modenbach, F.R. Fronczek, E. W. 
Berg, and T.C. Taylor, "The Crystal and Molecular Structures of 
Bis(cyclodecane- l ,3 -dionato)copper( I I ) and Bis( cyclotridecane-1 ,3 -  
dionato)copper( I I ) ."
C. Instruments and Measurements
Carbon-Hydrogen-Nitrogen Analyses
Carbon-hydrogen-nitrogen analyses were performed by Mr. Ralph Seab, 
Louisiana State University or by Galbraith Laboratories.
Melting Point Determination
Melting points were obtained in capi l lary  tubes using an Electro­
thermal melting point appartus. The sample tubes were placed in the 
heating block 5-10°C before the expected melting point and a heating 
rate of 1-2°C per minute was maintained.
Infrared Spectroscopy
Infrared spectra were obtained using a Beckman IR-9 spectrophoto­
meter. Samples were prepared as potassium bromide pe l le ts .  Major 
features of IR spectra obtained in this study for compounds previously 
reported in the l i t e ra tu re  are given in the text under the preparative  
deta i ls  for the appropriate compound. Abbreviations used are: s, 
strong; w, weak. IR spectra of compounds not previously reported in the
19
l i te r a tu r e  are presented in appendix I I .
Nuclear Magnetic Resonance Spectroscopy
MNR spectra were obtained using a Bruker Spectrospin 200 MHz FT -  
NMR spectrophotometer. Sample solutions were prepared approximately 
0 . 2 - 2 % by weight in chloroform-d or dimethyl sulfoxide-dg with te t ra -  
methylsilane as an internal reference. In some cases, double i r r a d ia ­
tion was used to suppress the absorbed water peak at 3.26 ppm in 
dimethyl sulfoxide-dg. NMR data obtained in this study for compounds 
previously reported in the l i t e r a tu r e  are given in the text under the 
preparative details  for the appropriate compound. All the chemical 
shif ts  are given in units of 6 re la t ive  to TMS. M u l t ip l ic i ty  abbrevia­
tions used in the text are: s, s ingle t;  d, doublet; t  t r i p l e t ;  q, 
quartet; m, m ult ip le t .  NMR spectra of compounds not previously reported 
in the l i t e r a tu r e  are presented in appendix I I I .
Mass Spectrometry
Mass spectra were obtained by Mr. Don Patterson, Louisiana State 
University using a Hewlett Packard 5985 spectrometer. Major features of 
the mass spectra obtained in this study for compounds previously report­
ed in the l i t e r a tu r e  are given in the text  under the preparative details  
for the appropriate compound. Mass spectra for compounds not previously 
reported in the l i t e ra tu re  are presented in appendix IV.
Fractional Sublimation
The apparatus used was that previously described by Berg and 
Hartledge . 1 0 , 1 1  B r ie f ly ,  i t  consisted of a l-m(llmm O.D.) pyrex tube 
with a continuous temperature gradient established along i ts  length by 
means of an e le c t r ic a l ly  heated brass tube. The pyrex tube was evacuat­
ed to 1 mm Hg pressure, and a i r  was used as a carr ie r  flowing through a
20
capi l la ry  from the high temperature end of the sublimator to the low 
temperature end. Samples were placed in small aluminum boats between 
glass-wool plugs at the high temperature end, and heated for two 
hours. The vo la t i l ized  compounds were carried in the stream of a ir  down 
the tube until  condensation occurred. The sublimed compounds were 
usually found in discrete and reproducible temperature zones where they 
could be recovered by cutting the tube into segments and dissolving the 
sublimate in an appropriate solvent. The sublimation recrys ta l l iza t ion  
temperature zones of the metal chelates studied are given in Figures 5 
and 6 .
D. Preparation of 3 -Ketoamines
4-Amino-3-penten-2-one [H(AP)]
This compound was prepared according to the method of L a c e y . ^  
Concentrated ammonia, 15 ml, was slowly added to 10.0 g acetyl acetone. 
After  the i n i t i a l  formation of a white precip itate  and the evolution of 
heat, a yellow solution was obtained which was kept in a closed flask at 
room temperature for 24 hours. This solution was saturated with sodium 
chloride and extracted three times with 1 0  ml portions of ethyl ether. 
The ether extracts were dried over sodium su lfa te ,  f i l t e r e d ,  and the 
solvent removed to give a yellow o i l .  The oil was d i s t i l l e d  at reduced 
pressure (120-123° at 25 mm Hg) and condensed to give 7.0 g of a white 
crysta l l ine  product, a 71% y ie ld ;  m.p. 39-40° (1 i t 10442-43°) .  The 
product is deliquescent and must be stored in a desiccator. IR(KBr) 
3360(s, broad), 3195, 3010(w), 1625(s), 1540(s), 1420(s), 1385, 1360(s),  
1298(s) , 1195, 1102, 1018, 988, 895, 745, 632 cm"1; NMR(CDC13 ) 6 1.95 
(s,3H), 2.03(s,3H), 5 .0 3 (s , lH ) ,  5.2(broad, 1H), 9.7(broad, 1H); mass 
spectrum m/e ( re la t iv e  in tensi ty )  99(42 .9 ) ,  84(100.0) ,  42 (17 .6);  good
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agreement with data previously reported in the 1 i t e r a t u r e . ^ » ^ “ 
49,51,105
Bi sacetylacetone-ethylenediimine [H2 en(AA)2]
This compound was prepared according to the method of Martel 1 
,et__al_. , 4 6  by the dropwise addition of a solution of 6 . 0  g ethyl ene­
di amine in 25 ml ethanol to a solution of 20.0 g acetyl acetone in 25 ml 
ethanol. The resulting yellow solution was heated gently for 1/2 hour 
and the solvent was removed to give a yellow solid. The solid was 
recrysta l l ized once from 50% ethanol and once from toluene, and dried 
over PpOc; in a vacuum desiccator at about 70°C for several hours to give 
15.9 g white crystals , a 71% y ie ld ;  m.p. l l l - 1 1 2 0( l i t . 55l l l - 1 1 5 . 5 ° ) .  
Calculated for C1 2 H2 QN2 02: 64.26%C, 8.99%H, 12.49%N; found: 64.04%C, 
8.75%H, 12.48%N. IR(KBr) 3150(broad, w), 3095(w), 1615(s),  1585(s), 
1520(s), 1452, 1435, 1372, 1355, 1290(s), 1250, 1220, 1200, 1142, 1083, 
1018, 975, 935(w), 922, 845, 755, 735, 642(w), 520(w) cm- 1 ; NMR(CDC13)
6 1 .93(s,6H), 2 .02(s,6H), 3.42(m, 4H), 5.00(s, 2H), 10.9(broad, 2H); 
mass spectrum m/e ( re la t iv e  in tensi ty )  224(19.7),  125(100), 112(95.8),  
98(69.9) ,  82(30.7); good agreement with data previously reported in the 
l i t e r a tu r e . ^ * ^® ’ ^ * ^ *  ^
Bi sacetylacetone-propylenedi imine [H2 pn(AA)2]
The same procedure given above for the preparation of H2 en(AA) 2  was 
employed, using 20.Og acetyl acetone and 7.4 g propylendiamine (1 ,2 -  
diaminopropane). The yellow powder obtained was recrysta l l ized from 50% 
ethanol, rinsed with cold ethyl ether and dried in the same manner as 
H2 en(AA) 2  to give 14.5 g white crystals , a 61% y ie ld ;  m.p. 89.5-90.5°
(1i t . 5591°) .  Calculated for C1 3 H2 2 N2 02 : 65.52%C, 9.30%H, 11 .75%N; 
found: 65.23%C, 9.49%H, 11.72%N. IR(KBr) 3160(w, broad), 3080(w),
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1610(s),  1580(s ) ,  1520(s) ,  1445, 1378, 1360, 1322, 1290(s),  1240, 1195,
1155, 1135, 1086, 1015, 975, 928, 852, 832, 815, 742, 653(w), 544(w)
cm'1; NMR (CDC13) 6 1.28(d, 3H, J=6.5 Hz), 1 .88(s, 3H), 1.90(s, 3H),
2 ,01(s, 6 H), 3.00(m, 2H), 3.73(m, 1H), 4 .94(s, 1H), 4 .97(s, 1H), 10.9
(broad, 2H); mass spectrum m/e ( re la t iv e  in tensi ty)  238(8.3 ) ,  139(29.7),
126(100), 112(16.0),  108(29.4),  98(26.4);  good agreement with data
dR s i  s? 7Spreviously reported in the l i t e r a tu r e .  * ’ *
3-Amino-2-cyclohexen-l-one [H(ACH)]
QO
This compound was prepared by the method of Goesdeler and Keuser. 
Concentrated ammonia, 2 ml, was added dropwise to 2.0 g 1,3-cyclohexane- 
dione, and the mixture was heated for 7 hours at about 50°. The yellow 
solution obtained was kept in a closed flask at room temperature over­
night. A yellow solid was obtained which was f i l t e r e d ,  recrystal l ized  
from benzene, and dried in the same manner as H2 en(AA) 2  to give 1.4 g 
l igh t  yellow crystals , a 71% y ie ld ;  m.p. 130-132° (1 i t 93134-135°). IR, 
NMR, and mass spectra are presented in appendixes I I ,  I I I ,  and IV.
3-Amino-2-cyclononen-l-one [H(ACN)]
Concentrated ammonia, 3 ml, was slowly added to a solution of 3.2 g
1,3-cyclononanedione in 5 ml ethanol and the mixture was heated gently 
for one hour. After  cooling, the yellow crystals obtained were f i l ­
tered, rinsed with ice cold acetone, recrystal 1 ized from ethanol, and
dried in the same manner as H2 en(AA) 2  to give 1 . 6  g white crysta ls ,  a
50% y ie ld ;  m.p. 195-196°. Calculated for CgH1 5 N0: 70.55%C, 9.87%H, 
9.14%N; found: 70.73%C, 10.07%H, 9.20%N. IR, NMR and mass spectra are
presented in appendixes I I ,  I I I ,  and IV.
3-Amino-2-cyclodecen-l-one [H(ACD)]
Attempts to prepare this compound were unsuccessful. No solid
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product was obtained a f te r  adding 2.5 ml of concentrated ammonia to a 
solution of 3.0 g 1,3-cyclodecanedione in 5 ml ethanol, heating the 
solution gently for one hour, and allowing to stand overnight. After  
removal of the solvent, a brown ta r  was obtained. No crystals could be 
formed by attempted recrysta l l iza t ions  from 50% ethanol-water, acetone, 
or chloroform. A thick yellow oil was obtained by extraction of the ta r  
with toluene and removal of solvent. The NMR spectrum (CDCI3 ) of this  
oil indicated the possible presence of the 0 -ketoamine [ 6  5 .50 (s ) ,  
2 .2 8 ( t ) ,  2 . 1 7 ( t ) ]  and the unreacted parent 0 -diketone [ 6  3 .6 4 (s ) ] .  
Attempts to purify the product by column chromatography were unsuccess­
f u l .  Two components were recovered using s i l i c a  gel. The f i r s t  compo­
nent was eluted with dichioromethane and was iden t i f ied  as the parent
e-diketone by i ts  NMR and mass spectra. The second component, an
unident i f iable  thick yellow o i l ,  was eluted with ethanol and did not 
contain any of the desired 0 -ketoamine. Similar results were obtained 
using alumina. In an attempt to purify the product by fract ional  
sublimation (max. temp. = 150°, p = 1 mm Hg) a diffuse band of colorless
oi l  droplets was obtained from 80° to 30°, with a small amount of white
crystals present from 60-50°. Only 2 mg of sublimate in the 60-50° 
region were recovered from 100 mg of crude product. A majority of the 
product was l e f t  as a residue in the sample boat. The NMR spectrum of 
the sublimate (appendix I I I )  suggests the presence of the g-ketoamine 
and possibly some of the parent 0 -diketone.
3-Amino-2-cyc1otridecen-l-one [H(ACTD)]
This compound was prepared by the same procedure used for H(ACN), 
using 3 ml concentrated ammonia and 4.7 g 1,3-cyclotridecanedione. The 
l igh t  yellow powder obtained was f i l t e r e d ,  recrystal l ized from ethanol
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and dried in the same manner as H2 en(AA) 2  to give 2 .7  g white crysta ls ,  
a 57% y ie ld ;  m.p. 114-116°. Calculated for C1 3 H2 3 NO: 74.59%C, 11.08%H, 
6.69%N; found: 74.80%C, 11.15%H, 6.67%N. IR, NMR and mass spectra are
presented in appendixes I I ,  I I I ,  and IV.
Bi scycl ohexane-1,3-di one-ethyl enedi i mine [ t^ e n ^ H D ^ ]
A solution of 3 g ethylenediamine in 25 ml ethanol was added drop- 
wise to a solution of 11 g 1,3-cyclohexanedione is 50 ml ethanol. After  
standing at room temperature for one hour, the solution was concentrated 
to 1 0  ml and the yellow powder that  formed was f i l t e r e d ,  recrystal l ized  
from ethanol and dried in the same manner as H2 en(AA) 2  to give 7.1 g 
l ig h t  yellow crysta ls ,  a 58% y ie ld ;  m.p. 185-188°. Calculated for  
C14H20N2°2: 67* 72%c» 8 . 12%H, 11 .28%N; found: 67.61%C, 8.07%H, 11 .38%N. 
IR, NMR and mass spectra are presented in appendixes I I ,  I I I ,  IV.
Bi scycl on onane-1,3-di one-ethyl enedi imine [H^enCCND^]
A solution of 0.5 g ethyl enediame in 25 ml ethanol was added drop- 
wise to a solution of 2.6 g 1,3-cyclonoanedione in 25 ml ethanol. The 
mixture was heated gently for one hour, and the l ig h t  yellow precip itate  
which formed upon cooling was f i l t e r e d ,  recrysta l l ized  from ethanol,  and 
dried in the same manner as H2 en(AA) 2  to give 1.5 g white crysta ls , a
54% y ie ld ;  m.p. 250°(decomposes). Calculated for C20t’*32I'*2^2: 72*25%C,
9.70%H, 8.43%N; found: 71.63%C, 9.67%H, 8.51%N. This compound is only 
s l ig h t ly  soluble in ethanol and nearly insoluble in a variety of organic 
solvents including methanol, dimethyl sulfoxide, acetone, chloroform, 
and benzene. Because of the l imited s o lu b i l i ty  of this compound, an NMR 
spectrum was not obtained. The IR and mass spectra are presented in 
appendixes I I I  and IV.
Bi scycl odecane-l,3-dione-ethylenedi imine p ^ e n ^ D D ^ ]
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This compound was prepared in the same manner as l^enCCND^ using 
0.5 g ethylenediamine and 2.7 g 1,3-cyclodecanedione. The l igh t  yellow 
crystals obtained were recrysta l l ized from ethanol and dried in the same 
manner as H2 en(AA) 2  to give 1.2 g white crystals , a 41% y ie ld ;  m.p. 192- 
193°. Calculated for 0 2 2 ^ 5 ^ 2 : 73.29%C, 10.07%H, 7.77%N; found: 
73.26%C, 10.20%H, 7.70%N. IR, NMR and mass spectra are presented in 
appendixes I I ,  I I I ,  and IV.
Bi scyclotridecane-1 , 3-dione-ethylenedi imine [H2 en(CTDD)2]
This compound was prepared in the samer manner as Hgen^ND^ using 
0.23 g ethylenediamine and 1.6 g 1,3-cyclotridecanedione. After  removal 
of solvent the yellow power obtained was recrystal l ized from ethanol and 
dried in the same manner as H2 en(AA) 2  to give 1 . 2  g white crystals , a 
71% y ie ld ;  m.p. 121-123°. Cuiculated for C 2 8 *"* 48^ 2^2' 75.63%C, 10.88%H, 
6.30%N; found: 75.69%C, 10.45%H, 6.23%N. IR, NMR and mass spectra are 
presented in appendixes I I ,  I I I ,  and IV.
E. Preparation of Metal B-Ketoamine Chelates 
Chelation Survey
A chelation survey was conducted for the B-ketoamines prepared in 
this study using approximately 5% aqueous solutions of metal n i t ra tes  
containing 5% sodium acetate. For palladium, platinum, and rhodium, 
chlorocomplexes of these metals were used instead of the n i t ra te s .
Also, vanadyl su l fa te ,  ferrous ammonium sulfa te ,  and uranyl acetate were 
used instead of the n i t ra te s .  A few drops of the metal solution were 
mixed with a few drops of an approximately 0.5% solution of the 3keto- 
amine in ethanol. Formation of a precipi ta te  was an indication that a 
neutral metal chelate may have formed. I f  a precip itate  did not form 
af ter  about ten minutes the mixture was heated gently or the pH was
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raised using 1 M NaOH or NĤ OH. In any case when a precip i ta te  was 
obtained a larger amount of the product was prepared to ident i fy  and 
characterize i t .  The results of this study are given in Tables IV-VI .
Bis(4-amino-3-penten-2-ono)copper(I I) [Cu(AP)2]
O Q
This chelate, f i r s t  reported by Combes, was prepared by the 
method of Holtzclaw et al A solution of 0.12 g 4-amino-3-penten-2-
one in 1 ml ethanol was added to a solution of 0.20 g Cu(N03 ) 2 *3H20 in 
1 M NĤ OH. The gray precip i ta te  which formed was allowed to stand over­
night, f i l t e r e d ,  recrysta l l ized and dried at 110° to give 0.11 g, a 71% 
y ie ld ;  m.p. 185° (sublimes) ( l i t . 1 0 6  185-186°).  IR (KBr) 3305(s),
1595(s ),  1540(s), 1470(s) ,  1403(s), 1357, 1232, 1190, 1178, 1020, 930, 
810, 775(w), 758, 690(w), 650, 620, 465, 440(w) cm- 1 ; good agreement 
with data previously reported . ^ ’ 6 6  Mass spectrum m/e ( re la t iv e  in ten­
s i ty )  259(100), 261(51.6) ,  162(64.2),  164(21.2),  161(21.5) ,  160(42.5),  
146(68.4),  148(31.4).
Bis(4-amino-3-pente n -2 -o n o )n ic k e l ( I I )  [N i (AP) 2]
/TC
This chelate was prepared by the method of Archer analagous to 
the preparation of Cu(AP)2. The red crystals obtained from the reaction 
of 0.20 g Ni (N03 ) 2 *6H20 and Q.12g H(AP) in 1 M NĤ OH were recrystal 1ized 
from benzene and dried at 110° to give 0.10 g of product, a 65% y ie ld ;  
m.p. 248-250° ( l i t . 1 0 6  247-248°).  IR(KBr) 3290(s), 1590(s),  1555, 1530, 
1485(s) ,  1440, 1398(s) ,  1358, 1254, 1232(w), 1190(w), 1180, 1024,
952(w), 935, 809, 790(w), 755, 682, 660, 625(w), 485, 460(w) cm"1; 
NMR(CDC13) 6 1 .74(s,3H), 1.88(s,3H), 4.85(d, 1H, J = 2.8Hz), 4.92(broad, 
1H); good agreement with data previously reported.66,66,10  ̂ Mass 




This chelate, f i r s t  reported by Gun,^ was prepared in a manner 
similar  to the preparation of Cu(AP)2 . The yellow crystals obtained 
from the reaction of 0.1 g H(AP) with 10 ml 2000 ppm Pd stock solution 
(as PdC1  ̂ ) in 1 M NH4 OH were recrystal 1ized from chloroform and dried
at 110° to give 0.018 g of product, a 32% y ie ld .  No melting point was 
observed below 250°; gradual decomposition was observed above 200°; 
( l i t . 6 6  245°, decomposes). IR(KBr) 3290(s),  1596(s) 1535, 1515(s),
1466(s) ,  1440, 1385(s ) ,  1352, 1232(w), 1223, 1185, 1177, 1025, 932, 790,
1 f\ft760, 678, 655, 474 cm" ; good agreement with data previously reported.  
Mass spectrum m/e ( re la t iv e  in tensi ty)  302(100), 304(85.9 ) ,  205(98.9) ,  
207(85.0).
Attempted Preparation of Tris(4-amino-3-penten-2-ono) I r o n ( I I I )  
and Chromium(II I)
Srivastava et a l ^  have reported the preparation of these chelates 
by reaction of the metal chloride and the ligand in ethanol. However, 
attempts to prepare these compounds by that procedure and by methods 
similar  to the preparation of Cu(AP) 2  were unsuccessful. There was no
product obtained i n i t i a l l y  a f te r  refluxing a solution of the metal
chloride and the ligand in ethanol for one hour. After  allowing the 
solution to stand for several hours, a small amount of the i r o n ( I I I )  or 
chroini um( I I I )  acetyl acetone chelate was obtained. Similar results were 
obtained in aqueous solution. Adjustment to higher pH values resulted 
in precipitat ion of the metal hydrous oxide. No product was obtained by 
refluxing a suspension of the metal hydrous oxide in an ethanol solution 
of the ligand.
Bi sacetylacetone-ethylenedi iminocopper(11) [Cuen(AA)2]
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This chelate, f i r s t  reported by Combes,^ was prepared in a manner 
analagous to the preparation of Cu(AP)2. The purple crystals obtained 
from the reaction of 0.12 g Cu(N0 3 ) 2 ’ 3 H2 0  and 0.11 g H2 en(AA) 2  in 1 M 
NĤ OH were recrystal l ized from ethanol and dried at 110° to give 0.10 g 
product, a 71% y ie ld ;  m.p. 136°-138° ( l i t . 137°) .  Calculated for 
CuC1 2 H1 8 N2 02: 50.42%C, 6.35%H, 9.80%N; found: 50.42%C, 6.26%H, 9.60%N. 
IR(KBr) 3070(w), 1595(s), 1520(s),  1478(s),  1430(s),  1355(s), 1284,
1276, 1226, 1111, 1068, 1039, 1025, 1013, 985, 943, 802, 752(s),  736, 
683, 649, 605(w), 568(w), 462 cm"*; mass spectrum m/e ( re la t iv e  inten­
s i t y ) ,  285(73.0),  287(19.5),  174(100), 176(50.0),  110(28.5); good
£r AC *7C
agreement with data previously reported. * *
Bisacetylacetone-ethylenedi iminonickel(I I )  [Nien(AA)2]
A O
This chelate, f i r s t  reported by Morgan and Smith, was prepared by 
the same procedure used for Cuen(AA)2. The red-brown crystals obtained 
from the reaction of 0.15 g N i (NO3 )£ * 6 H2 O and 0.11 g H2 en(AA) 2  in 1 M 
NĤ OH were recrysta l l ized  from ethanol and dried at 120° for 2 hours to 
give 0.11 g product, a 81% y ie ld ;  m.p. 2 0 0 - 2 0 2 ° ( l i t . 4* 200°).  Calculat­
ed for NiC1 ?H1 8 N2 02: 51.29%C, 6.46%H, 9.97%N; found: 51.05%C, 6.14%H,
9 . 96%N. IR(KBr) 3060(w), 1588(s),  1515(s),  1465(s),  1410(s),  1355,
1287, 1220, 1123(w), 1102(w), 1072(w), 1046, 1034(w), 1015, 950, 810(w), 
764(s),  691, 658, 614(w), 549, 482; NMR(CDC13) 6  1.89(s,12H), 3.06 
(s,4H), 4 .92(s, 2H); mass spectrum m/e ( re la t iv e  in tensi ty )  280(100),  
282(31.8) ,  169(44.1),  171(13.3); good agreement with data previously 
reported . 4 5 ’ 5 3 * 7 5
Bisacetylaceton e-ethylenedi imi nopalladium(II )  [Pden(AA)2]
42This chelate, f i r s t  reported by Morgan and Smith, was prepared by 
the same procedure used for Cuen(AA)2. The yellow crystals obtained
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from the reaction of 0.11 g H2 en(AA) 2  and 15 ml 2000 ppm Pd stock solu- 
tion (as PdCl^ “ ) in 1 M NĤ OH were recrystal l ized from benzene to give 
0.07 g product, a 43% y ie ld ;  m.p. 230-231° ( l i t . 228°) .  Calculated 
for PdC1 2 H1 8 N2 0 2 : 43.85%C, 5.52%H, 8.52%N; found: 43.79%C, 5.56%H, 
8.47%N. IR(KBr) 3060(w), 1590(s),  1510(s), 1475(s), 1410(s),  1356,
1279, 1229, 1118, 1045, 1030, 1015, 990(w), 941, 780, 750, 6 8 8 , 655(w), 
635(w), 616(w), 470 cm"*; mass spectrum m/e ( re la t iv e  in tens i ty )  
328(100), 330(79.2),  217(43.4 ) ,  219(35.5) ,  110(56.8); good agreement 
with data previously reported . 4 5 , 7 5
Bisacetylacetone-ethylenediiminooxovanadium(IV) [V0 en(AA)2 ]
C Q
This chelate, f i r s t  reported by Boucher et al was prepared 
according to the method of Martin and Ramaiah.5® A mixture of 0.12 g 
H2 en(AA) 2  and 0.13 g bis(acetylacetonato)oxovanadium(IV) was heated to 
250° under reduced pressure for three hours. The solid product was 
extracted with toluene and the green powder isolated was recrysta l l ized  
from dichloromethane to give 0.05 g product, a 30% y ie ld ;  m.p. 233- 
235°(1 i t . 5 9  236°).  Calculated for V C ^ H ^ ^ :  49.83%C, 6.25%H, 9.68%N; 
found: 49.65%C, 6.17%H, 9.62%N. Mass spectrum m/e ( re la t iv e  in tens i ty )  
289(100), 178(15.9).  Attempts to prepare this compound from aqueous 
solution were unsuccessful.
Bisacetylacetone-ethylenedi iminoplat inum(II ) [Pten(AA)2 ]
EC
This compound, f i r s t  reported by McCarthy jet__al_, was prepared in 
low y ie ld  by the same procedure used for Cuen(AA)2 » The brown crystals  
obtained from the reaction of 0.11 g K2 PtCl4  and 0.11 g H2 en(AA) 2  in 1 M 
NH4 OH were recrystal l ized from acetone and dried at 110° to give 0.007 g 
yellow crysta ls ,  a 7% y ie ld ;  m.p. 240-242° (decomposed) ( l i t . 5  ̂ 247°, 
decomposed). Calculated for PtCj2Hi8^29 2: 34.53%C, 4.35%H, 6.71%N;
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found: 35.02%C, 4.56%H, 6.35%N. IR(KBr) 1588, 1510(s),  1468, 1438,
1414, 1362, 1282, 1232, 1118, 1050(w), 1022, 944, 788, 758, 696, 634, 
492(w), 478 cm"*; mass spectrum m/e ( re la t iv e  in tensi ty )  416(100), 
417(86.9) ,  418(64,9).
Bi sacetylacetone-propylenedi iminocopper( 11) [Cupn(AA)2 ]
This chelate, f i r s t  reported by McCarthy et a l , was prepared by 
the same procedure used for the preparation of Cuen(AA) 2  using 0 . 1 2  g 
H2 pn(AA)2 . The purple cyrstals obtained were recrystal l ized from 
ethanol and dried at 110° to give 0.13 g product, an 87% y ie ld ;  m.p. 
121-122° ( l i t . 5 5  121.5-122°) .  Calculated for CuC1 3 H2 0 N2 02: 52.07%C,
6 . 72%H, 9 .34%N; found: 52.05%C, 6.40%H, and 9.21%N. IR(KBr) 3075(w), 
1604(s),  1512(s ) ,  1477(s),  1448, 1420(s),  1373, 1344, 1313, 1268, 1238, 
1214, 1128, 1062(w), 1045, 1015, 1000, 970, 943, 867(w), 751, 685, 652, 
605, 482, 461 cm"'*'; mass spectrum m/e ( re la t iv e  in tensi ty)  299(41.6) ,  
301(27.6 ) ,  188(100), 190(39.4),  174(32.7),  176(18.8); good agreement 
with data previously reported . ^ 5 , 7 5
Bisacety1acetone-propylenedi iminonickel(I I )  [Nipn(AA)2]
This chelate, f i r s t  reported by McCarthy _et_aj_, was prepared by 
the same procedure used for Nien(AA) 2  using 0.12 H2 pn(AA)2. The red- 
brown crystals obtained were recrysta l l ized from ethanol and dried at 
110° to give 0.08 g product, a 54% y ie ld ;  m.p. 156-157° ( l i t . 5 5  157- 
157.5°) .  Calculated for NiC-^HrjgH^: 52.93%C, 6.83%H, 9.50%N; found: 
52.89%C, 6 . 70%H, 9.24%N. IR(KBr) 3070(w), 1572(s), 1522(s),  1472(s),  
1422(s), 1372, 1283, 1242, 1211, 1142, 1104(w), 1075(w), 1052, 1030, 
1006, 983, 955, 753, 695, 663, 565(w), 491 cm- *; mass spectrum m/e 
( re la t iv e  in tensi ty)  294(100), 296(43.4),  279(87.8) ,  281(51.6) ,  
183(45.8 ) ,  185(29.7); good agreement with data previously reported . ^ 5 , 7 5
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Bisacetylacetone-propylenedi iminopalladium(II ) [Pdpn(AA)2 ]
CO
This chelate, f i r s t  prepared by McCarthy and Martel 1, was pre­
pared by the same procedure used for Pden(AA) 2  using 0 . 1 2  g HgpnJAA^. 
The yellow crystals obtained were recrystal 1 ized from benzene and dried 
at 110° to give 0.07 g product, a 72% y ie ld ;  m.p. 165-167° ( l i t . 169-  
171°). Calculated for PdC1 3 H2 0 N2 0 2 : 52.93%C, 6.83%H, 9.50%N; found: 
52.89%C, 6 . 70%H, 9.24%N. IR(KBr) 3070(w), 1592(s), 1510(s), 1470(s), 
1415(s),  1372, 1345, 1265, 1238, 1223, 1132, 1099, 1050, 1010, 978(w), 
941, 900(w), 740, 655(w), 630(w), 559(w), 481, 465 cm“* (not previously 
reported). Mass spectrum m/e ( re la t iv e  in tensi ty)  342(100), 344(100), 
231(56.3),  233(66.3);  good agreement with data previously re por te d .^  
Attempted Preparation of Bis(3-amino-2-cyc1odecen-l-ono)copper(I I) 
An attempt to prepare this chelate from the crude H(ACD) reaction 
product was unsuccessful. A solution of 1 g of the crude oil in 20 ml 
ethanol was added to a solution of 2 g Cu(N0 3 ) 2 ' 3 H2 0  in 20 ml 1M NĤ OH. 
The mixture was heated gently for 1 hour and allowed to stand overnight. 
The green precipi ta te  that formed was f i l t e r e d  and recrystal l ized from 
chloroform to give a blue-green powder. The mass spectrum of this  
product indicated the presence of the desired B-ketoamine copper che­
la te ,  but also bis(cyclodecane-l ,3-dionato)copper( I I )  and possibly a 
mixed chelate containing one ligand molecule each of the B-ketoamine and 
the B-diketone. Attempts to separate this mixture by fract ional sub l i ­
mation were unsuccessful.
Bis( 3-amino-2-cyc lo tr idecen- l -ono)copper( I I ) [Cu(ACTD)2 ]
This chelate was prepared by the general procedure of McCarthy et
55a l . Copper hydroxide was prepared by adding 2 ml 1M NaOH to 0.12 g 
Cu(NOg^'S^O i n 25 mi water. The precip i ta te  was f i l t e r e d ,  rinsed with
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water, and added to a solution of 0.10 g H(ACTD) in 50 ml ethanol. The 
mixture was refluxed for 8  hours, f i l t e r e d  while hot to remove the 
unreacted copper hydroxide, and the volume of solvent reduced to 5 ml. 
The green powder that formed was f i l t e r e d ,  dried at 110° and recrysta l ­
l ized from chloroform to give 0.07 g blue-green crystals , a 61% y ie ld .
No melting point was observed below 250°, gradual decomposition was 
observed above 230°. Calculated for C2 5 H4 4 N2 O2 CU: 65.03%C, 9.24%H, 
5.83%N; found: 65.16%C, 9.31%H, 5.65%N. IR and mass spectra are pre­
sented in appendixes I I  and IV.
Bis ( 3-amino-2-cyclotridecen-l -ono)nickel ( I I )  [Ni (ACTD^]
This chelate was prepared by the same procedure used for Cu(ACTD)2 , 
using 0.15 g Ni (NOg^* 6 H2 O to prepare the hydroxide. The brown powder 
obtained was recrystal l ized from chloroform and dried at 1 1 0 ° to give 
0.04 g red-brown crysta ls ,  a 35% y ie ld ;  m.p. 224-226°. Calculated for 
C26H44N2°2Ni: 65* 69^c» 9«33%H, 5.89%N; found: 65.90%C, 9.56%H, 5.84%N. 
IR, NMR, and mass spectra are presented in appendixes I I ,  I I I ,  and IV. 
Bis(3-amino-2-cyc1otridencen-l-ono)pal1adium(II)  [Pd(ACTD)2 ]
This chelate was prepared by the same procedure used for the 
preparation of Pd(AP)2 » using 0.08 g H(ACTD). The yellow powder ob­
tained was recrystal 1ized from benzene and dried at 110° to give 0.03 g 
yellow crysta ls ,  a 15% y ie ld ,  m.p. 210-212°. IR and mass spectra are 
presented in appendixes I I  and IV.
Biscyclodecane-1,3-dione-ethylenediimi nocopper(I I ) [Cuen(CDD)2 ]
This chelate was prepared by the same procedure used for the 
preparation of Cu(ACTD)2 , using 0.08 g b^en^DD^. The purple crystals 
obtained were recrystal l ized from chloroform and dried at 1 1 0 ° to give 
0.05 g product, a 53% y ie ld ;  m.p. 220-222° (decomposes). Calculated for
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C22H34N2°2Cu: 62- 61^c> 8.12XH, 6.64%N; found: 62.49%C, 8.13%H, 6.52%N.
IR and mass spectra are presented in appendixes I I  and IV.
Bi scyclodecane-1, 3-dione-ethylenedi iminoni c k e l ( I I )  [Nien(CDD)2 ]
This chelate was prepared by the same procedure used for Ni(ACTD)2 , 
using 0.09 g f^en ^D D ^.  The red-brown crystals obtained were recrys­
ta l l i z e d  from chloroform and dried at 110° to give 0.05 g product, a 48% 
y ie ld ;  m.p. 193-195°. Calculated for C22^34N2^2^i: 63.33%C, 8.21%H, 
6.71%N; found: 63.04%C, 8.61%H, 6.67%N. IR, NMR, and mass spectra are 
presented in appendixes I I ,  I I I ,  and IV.
Bi scycl ot ri decan e - 1 , 3-di one-ethyl enedi i mi nocopper ( 11) [Cuen (CTDD^] 
This chelate was prepared by the same procedure used for Cu(ACTD)2 » 
using 0.040 g h^en^TDD^. The purple crystals obtained were recrystal ­
l ized from chloroform and dried at 110° to give 0.020 g product, a 44% 
y ie ld ;  m.p. 188-189°. Calculated for C2 8 H4 5 N2 O2 CU: 66.43%C, 9.16%H, 
5.53%N; found 66.37%C, 9.03%H, 5.30%N. IR and mass spectra are present­
ed in appendixes I I  and IV.
Bi scycl ot ri decan e - 1 ,3-di one-ethyl enedi i mi non i ckel ( I I )  [Nien (CTDD^] 
This chelate was prepared by the same procedure used for Ni(ACTD)2 , 
using 0.040 g ^ e n ^ T D D ^ .  The brown powder obtained was recrystal l ized  
from chloroform and dried at 110° to give 0.029 g red-brown crystals , a 
64% y ie ld ;  m.p. 153-154°. Calculated for C2 3 H4 5 N2 O2  N i : 67.07%C,
9 . 25%H, 5 . 59%N; found: 66.59XC, 8.83%H, 5.37%N. IR, NMR, and mass 
spectra are presented in appendixes I I ,  I I I ,  and IV.
Bi scyclotridecane-1 , 3-dion e-ethylenediimi nopal 1 i d iu m ( I I )
[Pden(CTDD)2]
This chelate was prepared by the same procedure used for the 
preparation of Pd(AP)2 - The yellow powder obtained from the reaction of
0.044 g H2 en(CTDD) 2  and 5 ml 2000 ppm Pd stock solution in 1 M NĤ OH 
was recrystal l ized from toluene and dried at 110° to give 0.019 g ye l l  
crystals , a 39% y ie ld ;  m.p. 147-149°. Calculated for C2 QH4 6 N2 0 2 Pd:
61 .25%C, 8.44%H, 5.10%N; found: 61.55%C, 8.28%H, 5.04%N. IR and mass 
spectra are presented in appendixes I I  and IV.
I I I .  RESULTS AND DISCUSSION
A. The Crystal and Molecular Structures of Bis(cyclodecane-l,3-
d ionato)copper( I I ) and B is (cyc lo tr idecane- l ,3 -d ionato)copper( I I )
Both molecules have crystallographic Ĉ  symmetry. In both molecules
the copper atom has square planar coordination with the four oxygen
atoms. The Cu-0, C-0, and C-C bond lengths in the chelate ring (Figures
1 HR 1 1 01 and 2) are similar  to those found in other B-diketonates.
Disorder was observed in the hydrocarbon ring structure of Cu(CDD)2> 
with two p a r t ia l l y  occupied positions determined for C(9). This 
disorder causes bond distances involving C(9) in the refined model to 
deviate s l igh t ly  from expected values (Figure 1).
To a f i r s t  approximation the carbon and oxygen atoms of the chelate 
ring of Cu(CTDD) 2  are planar with maximum deviation 0.03A from the mean 
plane for C(2) .  The copper atom is 0.38A from this plane resulting in a 
s l ig h t ly  folded chelate ring (Figure 4 ) .  This behavior is similar  to 
bis(acetylacetonato)copper( I I )  and other copper B-diketonates . 1 0 8 " 1 1 0  
In the chelate ring of Cu(CDD) 2  deviations from planarity  are greater 
(Figure 3) with maximum deviation 0.11A from the mean plane of carbon 
and oxygen atoms for C(2). The copper atom is 0.64A from this mean 
plane. The 01-02 "bite" distance for Cu(CDD) 2  (2.76A) is smaller than 
for Cu(CTDD) 2  (2.79A).
The enolization behavior of B-cycloalkanediones was explained by
07
Schank and E is ter t  in terms of mobility and conformational e f fects .  
B-Cycloalkanediones with f ive  or six carbons are r ig id ly  "trans-fixed"  
with a high degree of enolization observed but no chelation possible due 
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Figure 1: Bond distances and some important angles for Cu(CDD)2 . Esd's
are 0.003A for Cu-0 and 0 .0 0 4 -0 .008A for other distances. C9 
has a m u lt ip l ic i ty  of 0.76. Not shown, C9‘ , m u lt ip l ic i ty
0 .24, C8-C9* 1.63(2)A, C9’ -CIO 1.32(2)A. Symmetry related  
atoms generated by x, y , z are flagged.
Figure 2: Bond distances and some important angles for Cu(CTDD)2 .
Esd's are 0.003A for Cu-0 and 0 .0 0 6 -0 .009A for other 



























3 -Cycloalkanediones with seven through nine carbon atoms have a higher 
ring m obility , but are not large enough for coplanar cis enol chelation 
to occur. However, molecular models indicate that a coplanar trans enol 
would result in considerable angle, to rs io n a l, and s teric  strain in the 
rest of the hydrocarbon ring structure. Since the enol must be coplanar 
for resonance s ta b il iza t io n  of the conjugated system, the degree of 
enolization is at a minimum. With ten carbon atoms cyclodecane-1,3- 
dione is just large enough for a cis enol chelate to form, although the 
model of the structure indicates that there is some angle strain in ­
volved in forcing C(2) to be coplanar with the chelate ring.
The fact that greater d istortion  is observed in the chelate ring of 
Cu(CDD) 2  as compared to Cu(CTDD) 2  is consistent with the trends in 
degree of enolization and s e le c t iv ity  in chelation for th is  series. 
Puckering of C(2) out of the chelate plane occurs for Cu(CDD) 2  as 
expected from the molecular model. Since p lanarity  in the chelate ring 
is required for delocalization of electrons to occur, one would expect 
deviation from p lanarity  to result in lower s ta b i l i ty  of the chelate and 
th is  could result in the higher s e le c t iv ity  in chelation obseved for  
cyclodecane-l,3-dione. For cyclotridecane-1,3-dione the macrocyclic 
ring is large enough to allow chelation to occur with less d istortion in 
the chelate ring and thus a large number of metal chelates can form.
The packing of molecules in the c r y s t a l s  is  i l l u s t r a t e d  in Figures
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3 and 4. In both compounds the closest intermolecular contact involves 
the Cu atom and the central carbon atom of the chelate ring, C(2). In
Cu(CTDD)2 , th is distance is 2.985A, and in Cu(CDD)2 » in which C(2) is
puckered out of the chelate plane, i t  is shortened to 2.919A. The
closest contact between Cu atoms is ,  in both cases, translation along
the a_ axis (Table I ) .
B. Preparation of Macrocyclic 3 -Ketoamines
The ammonia and ethylenediamine derivatives of the four cyclic
3 -diketones used in th is  study were easily  prepared by the adding the 
amine to the diketone (usually in ethanol), followed by refluxing the 
mixture for a short time. The products were usually obtained as 
c ry s ta ll in e  products which could be purif ied  by re c ry s ta l l iz a t io n . The 
one exception was the attempted preparation of the C9 ammonia deriva­
t iv e ,  in which a pure product could not be obtained.
Although the desired C9 ammonia derivative  was present in the crude 
reaction mixture, there was evidence of the parent 3 -diketone also 
present in the product, and a pure sample of the ketoamine could not be 
obtained. Attempts to iso la te  the ketoamine by coluim chromatography 
were unsuccessful probably due to decomposition or ir re ve rs ib le  adsorp­
tion on the column. P urif ica tion  by fractional sublimation was also not 
possible because of the considerable decomposition involved in the 
process and the lack of resolution in separating the ketoamine from the 
diketone. The use of anhydrous ammonia in place of concentrated aqueous 
ammonia may increase the y ie ld ,  since water is eliminated in the reac­
tio n . However, no explanation can be given as to why th is  derivative  
could not be prepared under the same conditions used for the rest of the 
series. No further attempts were made to prepare this derivative
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because of the lim ited amount of s tarting material availab le .
The 3-ketoamines prepared were much less soluble than the parent
3 -diketones. This low s o lu b il i ty  may be due to intermolecular hydrogen 
bonding of the 3-ketoamines resulting in the formation of dimers or 
polymers.
C. Chelation Behavior of Several 3 -Ketoamines Derived From Macrocyclic 
3 -Diketones and Acetyl acetone
A survey of the chelating a b i l i t ie s  in aqueous solution of the 
ammonia and ethylenediamine derivatives of acetylactone was conducted 
since such a study had not been reported in the l i te r a tu r e .  A sim ilar  
survey was conducted for the macrocyclic 3 -ketoamines obtained in this  
study. The results of these studies are l is te d  in Tables IV, V, and VI. 
The selective chelation behavior of the acetyl acetone derivatives
4-amino-3-penten-2-one [H(AP)] and bisacetylacetone-ethylenediimine  
l^ e n tA A ^ ]  (Table V) is in contrast to the non-selective chelation of 
acetyl acetone. Under the conditions normally used for preparation of 
acetyl acetone chelates, only the C u ( I I ) ,  N i ( I I ) ,  and P d ( I I )  chelates 
were read ily  obtained. In addition , the P t ( I I )  chelate of H2 en(AA) 2  was 
obtained in low y ie ld .  The reaction of Co( I I ) with both ligands proba­
bly resulted in the formation of a C o ( I I I )  species. I t  was previously 
reported^*’ ^  that careful exclusion of a ir  is necessary to prepare
C o ( I I )  3-ketoamine chelates, since they are readily  a i r  oxidized to 
Co( 111) complexes.
Because of the structure of the tetradentate Hgen^A^ ligand one 
would expect coordination of a ll  four donor atoms to a single metal atom 
only in such a way that the donor atoms l i e  in a plane. However, this  
res tr ic t io n  alone does not explain the observed s e le c tiv ity  in chelation
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Table  IV
Chelation Survey of Ammonia and Ethylenediamine Derivatives of 
Acetylacetone
Metal Ion g-Ketoamine Surveyed
H(AP) H9 en(AA)?
Be( 11) NP NP
M g (II ) NP NP
A 1 ( I I I ) NP NP
VO(IV) green ppt* NP
C r ( I I I ) purple ppt* NP
M n (II) NP NP
F e ( I I ) NP NP
F e ( I I I ) orange ppt* NP
C o (II ) green ppt** NP
N i ( I I ) brown ppt** brown ppt**
C u ( I I ) blue ppt purple ppt
Zn ( 11) NP NP
Rh ( I I I ) NP NP
P d ( I I ) y e l 1 ow ppt yellow ppt
C d (I I ) NP NP
P t ( I I ) NP NP
U02 (V I) NP NP
NP -  no product 
*  -  id en t if ie d  as acetylacetone
chelate
* *  -  only a f te r  addition of 1 M NĤ OH
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Table V
Chelation Survey of Ammon ia Deri vati ves of Macrocycli
3 -Ketoamines Surveyed
(Ring Size)
Metal Ion H(ACH) H(ACN) H (AC D) *
(C6 ) (C9) (CIO)
Be ( I I NP NP NP
Mg( 11 NP NP NP
A1 ( I I ) NP NP NP
VO( IV NP NP NP
Cr ( 11 ) NP NP NP
Mn ( I I NP NP NP
Fe( 11 NP NP NP
Fe( 11 ) NP NP NP
Co(II NP NP NP
Ni ( 11 NP NP NP
Cu ( I I NP NP blue ppt
Zn ( I I NP NP NP
Rh ( I I ) NP NP NP
Pd ( I I NP NP NP
Cd ( I I NP NP NP
Pt ( 11 NP NP NP
uo2 (v ) NP NP NP
NP -  no product
*  -  crude sample used






















Chelation Survey of Ethylenediamine Derivatives of Macrocyclic 
3-Diketones
3 -Ketoamines Surveyed 
(Ring Size)
Metal Ion H2 en(CHD) 2  H2 en(CND) 2  H2 en(CDD) 2  H2 en(CTDD) 2
(C6 ) (C9) (CIO) (C13)
B e ( I I ) NP NP NP NP
M g (II) NP NP NP NP
A l ( I I I ) NP NP NP NP
VO(IV) NP NP NP NP
C r ( I I I ) NP NP NP NP
Mn( 11) NP NP NP NP
F e ( I I ) NP NP NP NP
F e ( I I I ) NP NP NP NP
Co ( 11) NP NP NP NP
N i ( I I ) NP NP brown ppt* brown ppt*
C u ( I I ) NP NP blue ppt blue ppt
Z n ( I I ) NP NP NP NP
R h ( I I I ) NP NP NP NP
P d (I I) NP NP NP yellow ppt
C d ( I I ) NP NP NP NP
P t ( I I ) NP NP NP NP
uo2( v i ) NP NP NP NP
NP -  no product
*  -  only a fte r  addition of 1M NĤ OH
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since square-pyramidal coordination and coordination to an octahedral, 
six-coordinate divalent metal atom should be possible, resulting in a 
wider range of neutral chelates than was observed. Also, the bidentate 
H(AP) exhibited s im ilar  chelation behavior and yet does not have the 
same structural restra in ts  as H2 en(AA)2.
I t  should also be noted that sa licyla ld im ine chelates of the type
= = N
have been prepared for a large number of metals including M g ( I I ) ,
VO(IV), F e ( I I ) ,  Co( I I ) ,  N i ( I I ) ,  C u ( I I ) ,  Z n ( I I ) ,  C d ( I I ) ,  and U02 ( V I ) . 4 3  
Most of these chelates can be read ily  obtained by reaction of the metal 
acetate and the ligand in methanol or aqueous methanol solution. Such a 
procedure can be used to produce only the C u (I I )  and P d ( I I )  chelates of 
H2 en(AA) 2  (a stronger base must be added to prepare the N i ( I I )  che la te ).  
Considering the s im ila r i t ie s  in the structures of these salicylald im ine  
chelates and the chelates of H2 en(AA)2, i t  is surprising that the 
chelation behaviors of the two ligands are d i f fe re n t .  I t  seems possible 
that several other chelates of H2 en(AA) 2  could be prepared in a s im ilar  
manner as used for the sa licy la ld im ines , with careful addition of a 
stronger base such as ammonia necessary for removal of the weakly acidic  
proton of the ketoamine. However, attempts at th is  type of preparation 
have resulted in precip ita tion of the metal hydrous oxide or no product 
at a l l .
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One would also expect H(AP) to exhibit less s e le c t iv ity  in chela­
tion than was observed. In this case neutral chelates of t r iv a le n t  
metals should also be possible, but were not obtained under the condi­
tions of th is  survey. Again comparision can be made to the formation of 
salicyla ld im ine chelates of the type
M/ n
for metals including VO(IV), F e ( I I I ) ,  C o ( I I ) ,  N i ( I I ) ,  C u ( I I ) ,  and 
Z n ( I I ) . 4 3  In most cases these chelates could be prepared only by 
reaction of ammonia with the salicylaldehyde metal chelates. The method 
used for the tetradentate sa licyla ld im ine chelates could not be used 
because of hydrolysis of the bidentate sa licyla ld im ine ligand. A 
s im ilar  situation occured for H(AP) in the attempted preparation of 
C r ( I I I )  and F e ( I I I )  chelates where small amounts of the acetylacetone 
chelates were obtained probably due to hydrolysis of H(AP).
As mentioned e a r l ie r ,  several t r iv a le n t  metal chelates of bidentate  
[3-ketoamines have been prepared previously in non-aqueous solution. 
Although Srivastava et__al_. have reported the preparation of C r ( I I I )  and 
F e ( I I I )  chelates of H(AP) by reaction of the metal chloride and the 
ligand in ethanol, i t  seems unlikely  that these chelates would form 
without the presence of an added base. The procedure as reported could 
not be successfully repeated in the present study. Collman and K i t t l e -  
man reported the preparation of 3 -ketoamine C r ( I I I )  chelates by a non- 
aqueous chelation reaction using potassium t-butoxide as a base. A
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s im ilar  procedure was used by Everett and Holm*** for N i ( I I )  chelates.
I t  is possible that other metal 3-ketoamine chelates could be prepared 
by such a procedure. However, the preparation of a chelate in th is  
fashion would be of lim ited analytical po ten tia l.
The 3-ketoamines derived from macrocyclic 3 -diketones formed a 
l im ited number of chelates, s im ilar to the behavior of the acetylacetone 
derivatives (Tables V and V I ) .  Furthermore, the derivatives of the C6  
and C9 3-diketones did not form any chelates with the metals studied, 
consistent with the behavior of the parent 3 -diketones where chelation  
was not observed for less than the CIO ring s ize . 2 5  Of course one would 
not expect the C6  ring size derivatives to form any chelates, since the 
structures are r ig id ly  "trans-fixed" and chelation is not possible as 
discussed e a r l ie r .  However, the C6  derivatives were included in this  
study as a matter of routine. With the C9 ring size, considerable 
s te ric  and angular strain would be involved in forming a chelate and 
thus the observed lack of chelation is also not surprising.
The ethylenediamine derivative  of the CIO 3 -diketone formed only 
C u ( I I )  and N i ( I I )  chelates compared to the parent 3 -diketone which 
formed only C u ( I I )  and F e ( I I I )  chelates . 2 5  Unfortunately, the chelation 
behavior of the CIO amino derivative  could not be determined re lia b ly  
since a pure sample of the ligand was not ava ilab le . The crude reaction 
product was used in the chelation study and thus the results (formation 
of a C u ( I I )  chelate) are questionable. The C u ( I I )  product obtained was 
found to contain a mixture of 3 -diketone and 3-ketoamine chelates. Both 
C13 derivatives formed C u ( I I ) ,  N i ( I I ) ,  and P d ( I I )  chelates as expected, 
compared to the large number of chelates obtained from the parent 
3 -di ketones.
49
All of the chelates obtained in this study were extractable with 
chloroform. Of the ligands studied, only H2 en(AA) 2  shows any potential 
as a solvent extraction agent. There have already been some studies of 
the solvent extraction of C u ( I I )  and N i ( I I )  with H2 en(AA)2 » the extrac­
tion with chloroform being quantita tive  at pH 1 0 . 5 - 1 1 , ^ » ^ » ^ » ^  and in 
th is study >90% extraction was observed for the P d ( I I )  chelate at pH 5- 
8 . The analytical significance is not great since a number of other
O  Q
adequate methods of extracting these metals are availab le . ’ Because 
of the low yields obtained in the preparation of the P t ( I I )  chelate, the 
use of H2 en(AA) 2  as an extractant for P t ( I I )  is not promising, and thus 
i ts  use as a derivatiz ing  agent in gas chromatography for Pt( 11) as 
suggested by Belcher is not a t t ra c t iv e .  The use of the macro-
cyclic  3 -ketoamines as extractants shows no promise considering the low 
yie lds obtained in the preparation of the chelates and the lim ited  
s o lu b il i ty  of the ligands in aqueous or aqueous-alcohol solutions.
D. Spectral Characterization of Macrocyclic 3 -Ketoamines and Their
Metal Chelates.
1. Infrared Spectroscopy
There have been some differences in the in terpretation of the 
in frared spectra of 3-ketoamines reported in the l i te ra tu re .  One major 
difference is in the assignment of the structures as ketoamines or 
enolimines. Cromwell e t_^]_ .^  assigned the structures of amino substi­
tuted a , 3- unsaturated ketones as ketoamines, noting that the infrared  
spectra and chemical behavior of these compounds were sim ilar to amides 
and that the ketoamine is a structural vinylog of an amide. Other 
in frared absorption studies of amine derivatives of 3 -diketones includ­
ing studies of solvent e ffects  and isotopic substitution support this
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in te rp re ta t io n .^8,49 However, Ueno and Martel 1 , ^  in an infrared study
of diamine derivatives of 3 -diketones, expressed uncertainty in
distinguishing between the ketoamine and enolimine forms and suggested
that the derivatives exist as tautomeric mixtures of the two forms.
Infrared absorption bands near the 3300-3100 cm'* region for the
3 -ketoamines obtained in th is  study are given in Table V I I .  These bands
may be due to the stretching vibration of an OH or NH group, with the
frequency lowered due to hydrogen bonding. For a ll  of the ammonia
derivatives two moderately intense bands were observed near 3340 cm"*
and 3150 cm"*. These bands are probably due to NH stretching vibrations
analagous to the asymmetrical and symmertrical NH stretching vibrations
observed for primary amides near 3350 cm"* and 3180 cm"* in the spectra 
1 1 ?of solid samples.
The absorption spectra in this region for the diamine derivatives
are somewhat d i f fe re n t .  For H2 en(CHD) 2  and H2 en(CND) 2  two moderately
intense bands were observed near 3340 cm"* and 3150 cm"*. S im ilarly
m ultiple bands were observed in the 3330-3060 cm"* region for secondary
1 1 ?amides in the solid s tate . M ultip le  bands are observed because of 
the formation of dimers and polymers by intermolecular hydrogen bonding 
between the amide groups. Both H2 en(CHD) 2  and H2 en(CND) 2  should have a 
trans ketoamine structure and intermolecular hydrogen bonding can be
0  \
-  c /y  C *= 0  .
^  CH HC^ 'H




expected. The formation of dimers and polymers through intermolecular
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Table V II






H2en (AA) 2 -
H2 en(CHD) 2 6
H2 en(CND) 2 9
H2 en(CDD) 2 1 0
H2 en(CTDD) 2 13
Frequency Maxima (cm- 1 )
3360(s, broad), 3195









hydrogen bonding may account for the low s o lu b il i t ie s  of these compounds 
as noted e a r l ie r .
In contrast, one broad, somewhat weak band at 3150 cm"* is observed 
for H2 en(AA) 2  and h^en^TDD^. For f^ en ^ D D ^ , a broad moderate band is 
present at 3290 cm"* with a weak shoulder at 3120 cm"*. These three  
compounds should have a cis ketoamine structure, with intramolecular 
rather than intermolecular hydrogen bonding in the chelate structure.
The formation of the cis ketoamine chelate structure for H2 en(CDD) 2  
should involve some strain as mentioned e a r l ie r  in the discussion of
AC
macrocyclic 3 -diketones. Ueno and M artell suggested that the band at 
3150 cm"* for H2 en(AA) 2  was due to OH stretching for the enolimine form, 
stating that the hydrogen bonded NH vibration is often too weak to be 
observed. This is a poor explanation, considering the f a i r ly  intense 
bands observed for the hydrogen bonded NH of an amide and the weak bands 
observed for the enolic OH of 3 -diketones. The enolic OH stretching  
vibration is seen as a shallow, broad band at 3000-2700 cm"* for acety l-
l i p  p r
acetone and is not observed for 1,3-cyclotridecanedione. The 
existence of tautomeric mixtures of the ketoamine and enolimine forms 
cannot be confirmed or ruled out on the basis of infrared data alone, 
since the enolic OH vibration may be hidden or too weak to be observed.
I t  is very d i f f i c u l t  to in terpre t the 1700-1500 cm"* region of the 
spectra considering the possible presence of both the ketoamine and 
enolimine forms. The ketoiinine form can be ruled out due to the absence 
of the free carbonyl absorption near 1715 cm"*. In this region one 
might expect the stretching vibrations of the C=0, C=C, and C=N groups, 
shifted from th e ir  normal position due to conjugation and hydrogen 
bonding. Also, NH bending vibrations may also be observed, analogous to
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those observed for amides. Table IX l is ts  infrared absorption bands in 
the 1700-1500 cm"* region for the 3-ketoamines studied.
Dabrowski and Terpinski4 9  assigned the band at 1625 cm" 1 fo r  H(AP) 
to the overlap of the C=0 stretching vibration (noting its  coupling with 
the C=C stretching v ibration) and the NH bending v ib ra tion , s im ilar to 
the Amide I I  band. In solution two bands were observed at 1630 cm" 1 and 
1597 cm" 1 . ^ ® ’ ^ 9  The lowering of the frequency of the C=0 stretch from 
the normal carbonyl region probably results from intramolecular hydrogen 
bonding and conjugation. By comparision, for acetylacetone a strong 
band occurs at 1613 cm" 1 due to the carbonyl of the enolic form .11^
Also, the NH bending vibration for primary amides occurs near 1655-1620 
cm" 1 in the solid state and near 1620-1590 cm" 1 in d ilu te  s o lu t io n .11  ̂
The band at 1540 cm" 1 has been assigned as the stretching mode of the 
0=C-C=C- system. ^ 9
For H2 en(AA) 2  strong bands are observed at 1615 cm"1 , 1585 cm"1 ,
1 1 and 1520 cm" . The band at 1615 cm can be assigned to the C=0 stretch
as for H(AP), and the band at 1585 cm" 1 can be assigned to NH bending 
since the Amide I I  band for secondary amides occurs at lower frequency, 
1570-1515 cm"1, than for primary amides.11  ̂ The band at 1520 cm" 1 can 
be assigned, l ik e  H(AP) to stretching of the 0=C-C=C- system. In con­
t r a s t ,  Ueno and Martel 1 ^  assigned the bands at 1585 cm" 1 and 1520 cm" 1 
to C=C and C=N stretching vibrations respectively.
The in terpretation of the spectra in this region for the cyclic  
3 -ketoamines is even more d i f f i c u l t .  The spectra of the C13 macrocyclic 
derivatives H(ACTD) and H2 en(CTDD) 2  are sim ilar to the acetylactone 
derivatives. This is not surprising since l ik e  the acetylactone deriva­
tives these two compounds should have a cis ketoamine chelate structure.
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Table V I I I
Infrared Absorptions Bands Near 1700-1500 cm- 1  for Several g-Ketoamines
Compound Ring Size Frequency Maxima (cm- 1 )
H(AP) - 1625(s ), 1540(s)
H(ACH) 6 1678, 1580-1520(s)
H(ACN) 9 1670, 1568, 1535(s )
H(ACTD) 13 1603(s) ,  1534(s)
H2en (AA) 2 - 1615(s), 1585(s), 1520(s)
H2 en(CHD) 2 6 1600(s), 1580-1530(s )
H2 en(CND) 2 9 1595(s), 1570-1520(s)
H2 en( CDD) 2 1 0 1640, 1570, 1530(s)
H2 en(CTDD) 2 13 1610(s) ,  1580(s), 1525
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For H2 en(CDD)2 » the suspected carbonyl band is less intense and at a 
higher frequency (1640 cm"1) than the C13 derivatives. The strain  
involved in forming the chelate structure probably reduces the 
coplanarity of the conjugated system, thus reducing the e ffec t of the 
conjugation.
For the C6  and C9 derivatives no adequate in terpretation of the 
spectra in this region can be given. For H(ACH) and H(ACN) a moderate 
band is observed near 1670 cm" 1 and could be assigned to a conjugated 
C=0 group in the trans ketoamine structure. However, for H2 en(CHD) 2  
th is  band is absent, but a strong band is observed near 1600 cm”1. The 
difference in frequencies of the carbonyl absorption bands of these 
compounds is much larger than would be expected. The bands at 1670 cm" 1 
and 1600 cm" 1 could also be assigned to the NH bending vibration of the 
N-unsubstituted and N-monosubstituted amine group. However, th is  would 
suggest the assignment of the carbonyl band near 1570 cm"1, much lower 
than expected.
The infrared spectra of the 3 -ketoamine chelates are very s im ilar .  
For the metal chelates of the ammonia derivatives an NH stretching band 
was observed near 3300 cm"1. As expected, this band was absent in the 
spectra of the diamine derivative  chelates. For Ni(ACTD) 2  and 
Pd(ACTD)2 j multiple bands were observed in this region. M ultip le  bands 
have also been observed in this region for other metal chelates in the
IIO
solid state that have the atomic grouping NH- metal -  NH. The 
multiple bands may result from intermolecular interactions in the 
crystal la t t ic e  or from differences in the symmetrical and asymmetrical 
NH vibrations in the tetrahedral and planar cis arrangement of ligands.
The region of the spectra from 1600-1400 cm" 1 for the 3 -ketoamine
56
Table IX
Infrared Absorption Bands Near 1600-1400 cm" 1 for Several Copper 
3 -Diketone and 3 -Ketoamine Chelates
Compound Ring Size Frequency Maxima (cm"1)
Cu(AA) 2 3 1  -  1580, 1554, 1464, 1415
Cu(CDD) 2 2 5  10 1570, 1510, 1450, 1420
Cu(CTDD) 2 2 5  13 1570, 1515, 1460, 1420
Cu(AP) 2  -  1595, 1540, 1470, 1403
Cu(ACTD) 2  13 1585, 1535, 1467, 1435
Cuen(AA) 2  -  1595, 1520, 1478, 1430
Cuen(CDD) 2  10 1588, 1510, 1472, 1422
Cuen(CTDD) 2  13 1588, 1515, 1475, 1440
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chelates resembles that of the 3 -diketone chelates. Most of the 3 -keto­
amine chelates exhibit four strong bonds in this region. Ueno and 
M a r te l !^  assigned the bands near 1590 cm"* and 1520 cm”* to C=C and C=N 
stretching vibrations, lowered in frequency due to the considerable 
single bond character of these bonds in the conjugated chelate ring 
system. However, both bands are observed in the spectra of 3-diketone 
chelates, where the C=N bond is absent, and have been assigned to
C.TT.O and Crrr.C stretching v ib ra tion s .*  This assignment seems more 
reasonable for the 3-ketoamine chelates, although the CrrriN stretching  
vibration should also be in this region and may overlap another band.
The bands near 1470 cm”* and 1420 cm” * have been assigned to CH bending
1 dRvibrations coupled to Crrr.O s tre tc h in g .1* Infrared absorption bands 
in the 1600-1400 cm”* region for several 3 -diketone and 3 -ketoamine 
copper chelates are l is ted  in Table IX.
2. Nuclear Magnetic Resonance Spectroscopy
The NMR spectra of the 3 -ketoamine ligands obtained from a cety l­
acetone and the macrocyclic 3 -diketones indicate that the ketoamine form 
is the predominant form in solution. By comparision, the NMR spectra of 
the macrocyclic 3 -diketones indicate mixtures of the keto and enol forms 
ranging from 74% enolization for 1,3-cyclotridecanedione down to no 
enolization detected for 1,3-cyclonanedione and 1,3-cycloheptane- 
dione. Tables X-XII l i s t  some of the NMR data for the parent 
3-diketones, the ammonia derivatives, and the ethylenediamine deriva­
t iv e s . Also, the spectra of the macrocyclic derivatives are given in 
appendix I I I .
The two broad signals found at 9.7 ppm and 5.2 ppm (CDCI3 ) for 
H(AP) are due to the non-equivalent amine protons; the signal due to the
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Table X
NMR Data for the Parent B-Diketones Used in this Study
Chemical Shi f t («)
Compound Ring Size Sol vent a-CH2 =CH OH
H(AA) 31 - CC14 3.57 5.50 14.9
H(CHD) 1 1 3 6 CDCI3 3.45 5.50 9.7
H(CND) 2 5 9 CDC1 3 3.69 - -
H(CDD) 2 5 1 0 CDCI3 3.66 - -
H(CTDD) 2 5 13 CDC1 3 3.61 5.70 15.4
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Table  XI
NMR Data for the Ammonia Derivatives of Acetyl acetone and Several Cyclic 
g-Diketones
Chemical Sh ift  ( 6 )
Compound Ring Size Sol vent a-CHj =CH NH
H(AP) - CDC13 - 5.03 9 .7 ,5 .2
H(ACH) 6 DMS0-d6 - 4.95 6.7
CDC1 3 - 5.25 4.6
H(ACN) 9 DMS0-d6 - 5.28 6 . 2
CDC1 3 3.45 5.42 4.2
H(ACD) 1 0 CDC13 - 5.50 8 . 6 ,5 .0
H(ACTD) 13 DMS0-d6 - 5.10 9 .4 ,7 .3
CDC13 - 5.22 9 .7 ,4 .9
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Table X I I
NMR Data for the Ethylenediamine Derivatives of Acetylacetone and 
Several Cyclic g-Diketones




Compound Ring Size Sol vent bridge CH2 =CH
H2 en(AA) 2 - CDC13 3.42 5.00
H2 en(CHD) 2 6 DMS0-d6 3.18 4.91
H2 en(CDD) 2 1 0 DMS0-d6 3.12 5.06,5





chelated amine proton (hydrogen-bonded to the carbonyl oxygen) occurred 
further downfield than that of the "free" amine proton. The peak at 
5.03 ppm corresponds to the o le f in ic  proton, and the peaks at 2.03 and 
1.95 ppm are due to the non-equivalent methyl groups. The absences of 
an enol OH signal near 15 ppm (14.9 ppm for acetylacetone), an addition­
al o le f in ic  proton signal, and a methylene signal near 3.5 ppm (3.57 ppm 
for the keto form of acetylacetone) suggest that under these conditions 
the enolimine and ketoimine forms are not present to an extent >5% and 
that the ketoamine is the predominant form.
The spectrum of H(ACTD) is s im ilar to that of H(AP). Two NH 
signals are observed at 9.7 and 4.9 ppm, and the o le f in ic  proton peak is 
observed at 5.22 ppm. Signals found near 1 .5 -2 .5  ppm are due to the 
methylene groups in the macrocyclic ring. Although a pure sample of 
H(ACD) could not be obtained, the spectrum of the sublimate obtained 
from the crude reaction product suggests the presence of the 3 -keto-  
amine. This is indicated by the two broad signals at 8 . 6  and 5.0 ppm 
and the peak at 5.50 ppm (CDCI3 ) ,  probably due to amine and o le f in ic  
proton signals respectively. The peak at 3.64 ppm is probably due to 
the presence of the parent 0 -diketone, since the a-methylene signal of 
the parent diketone is observed at 3.66 ppm.^ I t  is also possible that 
th is  peak is due to the a-methylene signal of the ketoimine form.
For H(ACN) and H(ACH) only one NH signal is observed near 4.6 ppm 
(CDC13 )- The two NH protons are equivalent since intramolecular hydro­
gen bonding is no longer possible due to the ring size. An o le f in ic  
proton peak is observed for both compounds. For H(ACN) an additional 
peak at 3.45 ppm ( CDC13 ) is observed whch is probably due to the a-meth­
ylene group of the ketoimine form. I f  th is assignment is correct, the
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compound can be estimated to be about 7% in the ketoimine form from the 
ra tio  of the in ten s it ies  of the methylene and o lefin  signals. The 
methylene signal is absent in the spectrum run in DMSO. The predomi­
nance of the ketoamine form for these two compounds suggests that 
intramolecular hydrogen bonding is not the major contributor to the 
re la t iv e  s ta b i l i ty  of the ketoamine form. The ketoamine was the major 
form present for several 3 -ketoamines derived from 5 ,5 -d im e th y l- l ,3 -  
cyclohexanedione, where intramolecular hydrogen bonding is also not
CO
possible.
More d e f in ite  evidence for the predominance of the ketoamine form
C l  C O
has been presented by Dudek and Holm * from th e ir  NMR studies of a
variety  of 3-ketoamines. For N- monosubstituted amine derivatives,
s p l i t t in g  of the a-protons on the amine group by coupling with the
proton on the nitrogen is observed. Coupling of an NH proton with
11 9adjacent CH protons occurs i f  the NH exchange rate is slow. S p l i t ­
ting  of the CH protons is observed, but the NH peak is s t i l l  broadened 
due to the nitrogen e lec tica l quadrupole moment.
As an example, for 4-benzylamino-3-penten-2-one the signal of the
c p
methylene group adjacent to the nitrogen is s p l i t  into a doublet. The 
s p l i t t in g  is identical at 40 and 60 MHz, and deuteration of the acidic  
proton results in collapse of the doublet to a s in g le t . Note that th is  
s p l i t t in g  is not possible in the ketoimine or enolimine forms, and thus 
the acidic proton is bonded prim arily  to the nitrogen in the ketoamine 
form. Variations of solvent basicity  or po larity  have no noticeable  
e ffe c t  on the position of equilibrium .
CO
Dudek and Holm explained the predominance of the ketoamine form 
in terms of greater resonance s ta b il iz a t io n .  For the ketoamine form
63





should be more s tab liz ing  than in the enolimine form
/ “ n ;
+ +
\
H H \ H H-►+
R \ R \ r
in which the negative charge cannot be delocalized on the oxygen. I t  
should be noted here that deviations from coplanarity of the conjugate 
system should result in a decrease in the resonance s ta b il iza t io n  of the 
ketoamine. This may account for the d i f f ic u l ty  in preparing the ammonia 
derivative  of the CIO macrocyclic diketone, where deviation from copla­
narity  is expected as discussed e a r l ie r .
For H2 en(AA) 2  and ^enCCTDD^ (Table X I I )  a broad NH signal is 
observed near 10.9 ppm, an o le f in ic  proton peak near 5.1 ppm, and a 
peculiar "inverted t r ip le t "  (see appendix I I I )  near 3.4 ppm due to the 
bridging methylene group. Upon deuteration (addition of D2 0) th is  
m ultip le t collapses to a s inglet and the signal at 10.9 ppm disappears, 
thus indicating that the s p l i t t in g  is due to coupling of the methylene 
and amine protons as discussed e a r l ie r .  However, one would expect a 
doublet to occur rather than the unusual t r i p l e t .  Although the middle 
peak in the m ultip le t could be due to the presence of the enolimine 
form, where a s inglet bridge signal would be expected, th is seems
64
unlikely  since the re la t ive  heights of the t r ip l e t  peaks are insensitive  
to solvent changes or the electronic nature of the group adjacent to the 
c a rb o n y l.^  In fact th is  pattern occurs for a variety of related
C l  C O
ethylene bridged compounds ’ and has been cited as an example of 
v irtua l c o u p l i n g . T h i s  pattern is also seen in the spectrum of 1,2-
ethanedithiol in which the methylene signal appears as the same inverted
t r i p l e t .
In the spectra of H2 en(CDD) 2  and H2 en(CHD) 2  the bridging group 
appears as a s l ig h t ly  broadened signal near 3.1 ppm (DMSO). Upon 
deuteration the amine signal disappears and the bridging signal appears 
as a sharp s ing le t. In contrast to the the behavior of other ethylene 
bridged g-ketoamines the s p l i t t in g  of the bridging group protons is not 
clearly  resolved. For H2 en(CDD) 2  two o le f in ic  proton signals are 
observed, one peak at 5.06 ppm and a smaller peak at 5.33 ppm. This 
could be due to the presence of a small amount of the enolimine form or 
the presence of two conformational isomers.
For the nickel g-ketoamine chelates, the chelated NH is no longer
present and thus the downfield NH signal is no longer observed. For the
chelates of the ammonia derivatives the remaining NH is observed as a
broad signal near 5.0 ppm, and is nearly hidden by the o le f in ic  proton
for Ni(ACTD)2 . The o le f in ic  proton of N i( AP) 2  is observed as a doublet,
the s p li t t in g  having been assigned to long range coupling through the
1 07chelate ring with the NH. This s p l i t t in g  is not observed for  
Ni(ACT0 ) 2 « For the chelates of the ethylenediamine derivatives the 
bridging group appears as a s inglet since the coupling is removed.
3. Mass Spectrometry
Tables X I I I  and XIV l i s t  major features of the mass spectra of the
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Table  X I I I
Major Features of the Mass Spectra of the Ammonia Derivatives of 
Acetylacetone and Several Cyclic $-Diketones
Compound Mass Relative In tensity  Fragment Ion
H(AP) 99 42.9 MI
84 100.0 MI-CH3
H(ACH) 111 65.5 MI
83 100.0 MI-CO or
ch2 =ch2
55 29.1 MI-CO and
ch2 =ch2
H(ACN) 153 12.0 MI
110 38.5 MI-C3 Hg
96 100.0 MI-C4 Hg
57 44.8 C4 Hg+
H(ACTD) 209 37.7 MI
99 77.9 c7H15+
96 100.0 MI-C8 H1 7
57 53.8 C4 Hg+
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Table  XIV
Major Features of the Mass Spectra of the Ethylenediamine Derivatives of 
Acetylacetone and Several Cyclic 3 -Diketones
Compound Mass Relative In tensity Fragment I
t^en (AA) 2 224 19.7 MI
125 1 0 0 . 0 MI-H(AP)
1 1 2 95.8 MI/2
98 69.9 (AP)+
F^en (CHD) 2 248 1 1 . 6 MI
125 8 8 . 6 MI/2 + H
124 1 0 0 . 0 MI/2
H2 en(CND) 2 332 1.9 MI
167 22.9 MI/2 + H
166 1 0 0 . 0 MI/2
H2 en(CDD) 2 360 8.5 MI
181 43.9 MI/2 + H
180 1 0 0 . 0 MI/2
H2 en(CTDD) 2 444 2 . 8 MI
235 50.5 MI-H(ACTD)
223 23.3 MI/2 + H
2 2 2 1 0 0 . 0 MI/2
2 1 0 83.1 Hp(ACTD)+
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ammonia and ethylenediamine derivatives. For a l l  of these compounds the 
molecular ion peak (MI) is observed, although in some cases this peak is 
f a i r ly  weak. For the ammonia derivatives major peaks occur due to loss 
of various alkyl groups with fragmentation probably occurring adjacent 
to the carbonyl or amino group. This is consistent with the tendency 
for cleavage of the C-C bond adjacent to a heteroatom leaving the charge 
on the fragment containing the heteroatom. The base peak for H(AP), 
M-15, corresponds to loss of a methyl group. For the macrocyclic 
derivatives this type of fragmentation involves hydrogen rearrangement 
as was also observed for cyclic  ketones**^ and for the parent macro- 
cyclic  g -d ike to nes .^  Thus, the base peak for H(ACN) and H(ACTD) at 96 
corresponds to loss of C^Hg and CgHjj respectively.
For the ethylenediamine derivatives a strong peak, usually the base 
peak, occurs at a mass one-half the molecular weight. This is due to 
cleavage of the C-C bond of the ethylene bridging group. Again, this is 
consistent with the general rule that C-C bonds next to a heteroatom are 
frequently cleaved. A major peak in the spectra of H2 en(AA) 2  and 
H2 en(CTDD) 2  is probably due to hydrogen transfer and loss of a fragment 
corresponding to the bidentate ligand. Thus, the base peak for  
H2 en(AA) 2  is the MI-H(AP) peak at 125. These features have also been 
observed for other tetradentate 0 -k e to a m in e s .^ » *^
In the spectra of the metal chelates the MI peak is usually strong, 
sometimes being the base peak. For the ammonia derivative chelates a 
peak due to loss of one ligand molecule is observed, with hydrogen 
transfer to the metal containing fragment for the H(AP) chelates and 
hydrogen transfer to the ligand molecule lost for the H(ACTD) chelates. 
Fragments that were observed in the spectrum of H(ACTD) are also
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Table XV
Major Features of the Mass Spectra of Several Copper 3 -Ketoamine 
Chelates
Compound Mass Relative In tensity Fragment Ioi
Cu(AP) 2 259 1 0 0 . 0 MI
162 64.2 CuH(AP)
Cuen(AA) 2 285 73.0 MI-L/2
Cu(ACTD) 2 479 76.4 MI
270 78.8 MI-H(ACTD)
96 1 0 0 . 0 h (atcd) - c8h
Cuen(CDD) 2 421 75.5 MI
242 1 0 0 . 0 MI-L/2
Cuen(CTDD) 2 505 1 0 0 . 0 MI
284 87.9 MI-L/2
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observed for the H(ACTD) chelates. For the chelates of the ethylene­
diamine derivatives a major peak is observed due to loss of half of the 
ligand with cleavage occuring at the C-C bond of the ethylene group.
For a ll  of the metal chelates, location of metal containing fragments 
was straightforward because of the d is t in c t iv e  isotope patterns of the 
metals. Table XV l is ts  some of the major features of the mass spectra 
of the 3 -ketomaine copper chelates.
E. Fractional Sublimation Studies
Most of the 3 -ketoamine chelates sublimed readily under the condi­
tions of fractional sublimation. In most cases less than 10% of the 
orig inal sample weight remained in the sample boat. The exceptions were 
Cuen(CDD) 2  and Nien(CDD) 2  for which about 30% decomposition was observed 
and Pd(ACT0 ) 2  which decomposed with no sublimation observed.
The chelates of 4-amino-3-penten-2-one [H(AP)] were the most 
v o la t i le  of the 3 -ketoamine chelates studied. They were more v o la t i le  
than the corresponding chelates of acetylacetone [H(AA)]10, th io a ce ty l-  
acetone [H (SA A )]^ , and bisacetylacetone-ethylenediimine [l^enCAA^] and 
were of about the same v o la t i l i t y  as the chelates of t r i f lu o ro a c e ty l-  
acetone [H (T F A )] .^  The bisacetylacetone-propylenediamine [^pn^A A ^]  
chelates were s l ig h t ly  more v o la t i le  than the chelates of H2 en(AA)2 .
The chelates of the 3 -ketoamines derived from H(AA) were more stable 
thermally than the corresponding 3 -thioketones for which considerable
•31
decomposition occurred. The macrocyclic 3 -ketoamine chelates were 
about the same v o la t i l i t y  as the corresponding macrocyclic 3 -diketone
on
chelates. Figure 5 l is ts  the sublimation re c ry s ta l l iza t io n  zones for 
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Figure 5: Fractional Sublimation Recrystallization Zones for Several Copper Chelates.
T F A (tr i f1uoroacetylacetone) ,  AP(4-amino-3-penten-2-one), pn(AA)2 (bisacetylacetone- 
propylenediimine) , en (AA)2 (bisacetylacetone-ethylenediimine), AA(acetylacetone), 
SAA(thioacetylacetone), CDD(cyclodecane-l,3-dione), en(CDD)2 (biscyclodecane-l,3-dione- 
ethylenediimine), CTDD(cyclotridecane-1 ,3 -d ione ), ACTD(3-amino-2-cyclotridecen-l-one), 
en(CTDD ) 2 (b iscyclotridecane-l,3-d ione-ethy 1 enedi imine).
O
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Although most of the 3 -ketoamine chelates studied were v o la t i le  and 
stable enough to be sublimed in the fractional sublimator with n e g l ig i­
ble decomposition observed, no a n a ly t ic a lly  useful separation by frac­
tional sublimation would be achieved. Figure 6  l i s ts  the sublimation 
re c ry s ta l l iza t io n  zones of several 3 -ketoamine chelates. I t  is obvious 
that the only separation within a ligand group even possible are 
V0 en(AA) 2  or Pten(AA) 2  from Cuen(AA) 2  or Nien(AA)2 » and Pdpn(AA) 2  from 
Cupn(AA) 2  or Nipn(AA)2 . None of these separations are very s ign if ican t  
and in most cases only p art ia l separations would be possible. I t  should 
be noted that the 3 -diketone chelates of these metals that have been 
studied could not be completely separated by fractonal sublimation. 
However, for the 3 -diketones a larger number of metal chelates could be 
obtained, many of which had s u ff ic ie n t  differences in v o la t i l i t y  for  
separation by fractional sublimation.
Cu(APfe----------
N i (APig 
Pd(AP)2-
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6 : Fractional Sublimation Recrystallization Zones for Several 3 -Ketoamine Chelates.
AP(4-amino-3-penten-2-one), pn(AA)2 (bisacetylacetone-propylenedi im ine), 
en(AA)2 (bisacetylacetone-ethylenediimine), en(CDD)2 (biscyclodecane-l,3-dione- 




IV. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK
The results of the single crystal x-ray d if fra c t io n  analysis of the 
copper macrocyclic g-diketone chelates indicate that there is a greater 
degree of distortion in the chelate ring for Cu(CDD) 2  than for  
Cu(CTDD)2 * This observation is consistent with the molecular models of 
these compounds, and with the trends in degree of enolization and 
s e le c t iv ity  of chelation for the macrocyclic g-diketone ligands. Other­
wise, the stuctures of these chelates are sim ilar to other g-diketone 
chelates. A more in teresting  study would be the structural determina­
tion of several metal chelates of the macrocyclic tetraketones discussed 
e a r l ie r .  Such a study would indicate i f  the metal is positioned within 
the macrocyclic ring.
A detailed study of the chelation behavior of the tetraketones and 
a study of the v o la t i l i t y  of the metal chelates would also be worth­
while. Any monomeric chelates of th is  group would be expected to be 
extractable with organic solvents and v o la t i le ,  and thus they would be 
useful in solvent extraction , gas chromatography, and fractional sub li­
mation applications. I t  should also be possible to prepare ketoamine 
derivatives of the tetraketones. The metal chelates of these ligands 
should also be extractable and quite v o la t i le ,  but i t  is doubtful that 
the chelation behavior of these ligands would be much d if fe re n t  from the
lim ited chelation observed for the ketoamines in this study.
The ammonia and ethylenediamine derivatives of the macrocyclic
g-diketones were found to exist predominantly in the ketoamine form. I t
should be possible to prepare other members of this series, but i t  is 
doubtful that any of these compounds w il l  be of much analytical poten­
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t i a l .  The metal chelates of the macrocyclic 3 -ketoamines studied could 
not be obtained in high y ie ld  and were less v o la t i le  than the chelates 
of the acetylacetone derivatives.
The 3 -ketoamines in general do not o ffe r  as great an analytical 
potential as the 3-diketones. Although the 3 -ketoamines exhibit a 
surprising degree of s e le c t iv i ty  in chelation, th is  s e le c t iv ity  does not 
lead to any exciting separations. However, i t  might be possible to 
prepare a wider range of 3 -ketoamine chelates by a d if fe re n t procedure 
such as the reaction of an anhydrous metal salt and the ligand in a non- 
aqueous solvent in the presence of a strong base. Most of the 3 -keto­
amine chelates studied were quite v o la t i le ,  and some were more v o la t i le  
than the corresponding 3-diketone chelates. Thus, i t  might be desirable  
to use 3 -ketoamine chelates in applications where v o la t i le  metal 
chelates are used as metal vapor sources.
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Table A l: Assigned Coordinates fo r  Hydrogen Atoms, Cu(CDD)g
Atom JK L z_
HI 0.7772 0.0754 0 . 1 2 2 0
H2 0.7274 0.2240 0.0477
H3 0.4334 0.2531 -0.0351
H4 0.1923 0.2821 0.1205
H5 0.4858 0.3486 0.1223
H6 0.6982 0.2213 0.2437
H7 0.5096 0.3084 0.2941
H8 0.2294 0.1404 0.2215
H9 0.1489 0.2179 0.3183
*H12 and H13 have a multi p i ic i ty of 0.76
Atom L z_
H10 0.2750 0.0839 0.4017
Hll 0.5290 0.1643 0.4352
H12* 0.8027 0.0495 0.4132
H13* 0.7190 0.0652 0.2759
H121 * 0.4705 -0.0254 0.4246
H13 '* 0.2731 0.0456 0.3367
H14 0.7761 -0.0144 0.2754
H15 0.5248 -0.0972 0.2794
H12' and H13‘ have a m u lt ip l ic i ty  of 0.24.
00
GO
Table A2: Assigned Coordinates
Atom x_ L z_ Atom
HI -0.7600 0.1136 -0.1359 H12
H2 -0.6661 0.0884 -0.2690 H13
H3 -0.5581 0.1666 -0.2597 H14
H4 -0.2950 0.1371 -0.2492 H15
H5 -0.1826 0.1978 -0.0811 H16
H6 -0.1764 0.1510 0.0098 H17
H7 -0.5956 0.1697 0.0665 H18
H8 -0.6095 0.2158 -0.0280 H19
H9 -0.4839 0.2351 0.2214 H20
H10 -0.2359 0.2462 0.1452 H21
Hll -0.0865 0.2156 0.3736

























Table A3: Bond Angles in Cu(CDD) 2
A.ngJe(°) Atoms Angle(°)
• 0 2 91.5(1) C3-C4-C5 110.8(3)
•Cl 123.0(3) C4-C5-C6 116.2(4)
■C3 1 2 2 . 8 ( 2 ) C5-C6-C7 114.6(4)
•C2 125.3(4) C6-C7-C8 116.2(5)
•CIO 116.0(4) C7-C8-C9 120.8(5)
CIO 118.4(4) C7-C8-C91 121.4(8)
C3 120.8(3) C8-C9-C10 120.5(5)
C2 124.9(3) C8—C91-C10 128(1)
C4 116.1(3) C9-C10-C1 112.1(4)
C4 118.4(3) C9' -C10-C1 115(1)
86
Table A4: Bond Angles in Cu(CTDD) 2
Atoms Angle(°) Atoms Angle(°)
01-Cu-02 93.01(1) C3-C4-C5 112.1(4)
Cu-01-Cl 124.3(3) C4-C5-C6 115.4(4)
Cu-02-C3 123.6(3) C5-C6-C7 115.2(5)
01-C1-C2 124.9(5) C6-C7-C8 114.4(6)
01-C1-C13 114.8(4) C7-C8-C9 116.8(5)
C2-C1-C13 120.1(5) C8-C9-C10 118.2(6)
C1-C2-C3 124.2(5) C9-C10-C11 113.1(6)
02-C3-C2 126.3(5) C10-C11-C12 118.7(6)
02-C3-C4 115.0(5) C l l—C12-C13 116.7(4)
C2-C3-C4 118.6(5) C12-C13-C1 112.5(4)
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